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Abstract  
 
The present thesis embraces the hydrogen production via low temperature meth-
anol steam reforming (MSR) and its integration with a high temperature polymer elec-
trolyte membrane fuel cell (HT-PEMFC). It covers the catalyst preparation for methanol 
steam reforming, kinetic modelling, design of reformers and bipolar plates, experimen-
tally and simulated integration of MSR with HT-PEMFCs and strategies for hydrogen pu-
rification.  
A novel and very active MSR catalyst, a gallium-promoted copper-based 
(CuO/ZnO/Ga2O3) prepared by the hosting research team, was characterized concerning 
the morphology, structure, composition and catalytic activity. The developed catalyst 
was 2.2 times more active at 453 K than two tested commercial catalysts 
(CuO/ZnO/Al2O3). Two kinetic models, one empirical and one mechanistic, were used to 
describe the MSR reaction over the novel catalyst. After proper kinetic parameter esti-
mation, the two models showed a good agreement with experimental methanol conver-
sions. 
The effect of pressure drop, temperature and flow distribution on the methanol 
conversion using different reformer designs (tubular, multi-channel and radial) was thor-
oughly studied experimentally and by CFD simulation. The simulation results showed 
that the multi-channel design assures similar flow velocity between channels, low-pres-
sure drop and low temperature sink due to narrow channels, resulting in high methanol 
conversions. Reformers with multi-channel designs demonstrated to be a good solution 
for the thermal integration with HT-PEMFC. 
The thermal integration of a methanol steam reformer cell (MSR-C) with a HT-
PEMFC, operating at the same temperature, was studied experimentally and by simula-
tion. To that purpose, a bipolar plate made of carbon/PPS (polyphenylenesulfide) com-
posite was produced, featuring the fuel cell anode flow field in one side and the reformer 
flow field in the other. Equipped with a 25 cm2 membrane electrode assembly (MEA) 
from ADVENT TPS and using commercial BASF RP-60 catalyst, the combined unit MSR-
C/HT-PEMFC showed a high performance at 453 K. After several hours of operation, the 
degradation of the MEA was noticeable, due to low methanol conversion at the reformer 
(<90 %). Electrochemical impedance spectroscopy (EIS) analysis showed that the cath-
 ode resistance increased, when reformate was used as fuel, due to the methanol cross-
over from the anode to the cathode, especially at lower operating temperatures where 
the methanol conversion was also lower. The self-thermal sustainability of the combined 
device was only reached for > 0.75 A·cm-2 due to the poor thermal insulation of the com-
bined reactor. In a second attempt, the combined MSR-C/HT-PEMFC unit was modified 
and an optimized bipolar plate made of gold plated aluminium was developed. Equipped 
with a 45 cm2 Celtec P2200N MEA from BASF and using commercial BASF RP-60 catalyst 
the combined unit displayed a remarkable performance at 453 K and the highest re-
ported in the literature for similar devices. The device demonstrated a good stability in 
a durability test of ca. 700 h at 0.2 A·cm-2. The EIS analysis also demonstrated that using 
directly the produced reformate as fuel had no significant influence in MEA degradation 
process. The thermal integration of the combined MSR-C/HT-PEMFC was also assessed 
by simulation. A 3D non-isothermal model was developed and validated. The simulation 
results show self-thermal sustainability of the device at low current densities (0.1 A·cm-2) 
using a thermal insulation of 3 cm thick glass wool. Based on the combined unit a 10 cell 
stack was proposed; results showed that the stack operates without any external heat 
source for current between 4.5 A (0.1 A·cm-2) and 54 A (1.2 A·cm-2).  
The production and purification of a reformate stream for HT-PEMFC applications 
was also investigated. A 3D non-isothermal model of packed bed membrane reactor 
(PBMR) was developed considering two types of membranes, a Pd-Ag membrane selec-
tive to hydrogen and a supported ionic liquids (ILs) membrane selective to carbon diox-
ide. Simulation results showed that the selective hydrogen removal from the reaction 
bulk enhances methanol conversion and produces a pure hydrogen stream, despite the 
low efficiency and high complexity of the process. The selective carbon dioxide removal 
showed to be more energy efficient than hydrogen removal especially for high hydrogen 
recoveries; however, the selective carbon dioxide removal has a smaller effect on the 
methanol conversion and requires very selective and fast membranes, which are not 
currently available. The integration of a cellular packed bed membrane reactor (PBMR-C) 
with a HT-PEMFC was also assessed by simulation at 473 K, considering a very thin Pd-
Ag membrane between the reforming catalyst and the MEA. The PBMR-C/HT-PEMFC 
showed high performance, similar to the one obtained with a HT-PEMFC fed with hydro-
gen, moreover, it demonstrated to be compact and thermally efficient. The performance 
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of the combined unit depends on the permeability, selectivity and stability of Pd-Ag 
membrane at 473 K. 
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Sumário 
 
A presente tese visa os principais tópicos referentes à produção de hidrogénio 
através de reformação a baixa temperatura de metanol por vapor de água (MSR), e 
integração com uma célula de combustível de membrana de eletrólito polímerica de alta 
temperatura (HT-PEMFC). Inclui, preparação de um catalisador para reformação de 
metanol e respectivos modelos cinéticos, desenvolvimento de novos reformadores e 
pratos bipolares, integração experimental e por simulação de reformadores com HT-
PEMFCs, e ainda, estratégias para a purificação de hidrogénio a partir de uma corrente 
de reformado. 
Esta tese inicia-se com a preparação de um novo catalisador de cobre-gálio 
(CuO/ZnO/Ga2O3)  para reformação de metanol pelo grupo de investigação. O 
catalisador foi caracterizado quanto à morfologia, estrutura e composição. A sua 
actividade catalitica foi ainda comparada com dois catalisadores comerciais 
(CuO/ZnO/Al2O3) e mostrou ser cerca de 2,2 vezes mais elevada. A reacção de MSR com 
o novo catalisador foi ainda descrita através de dois modelos cinéticos, um empírico e 
outro mecanistico. Os modelos, após determinação adequada dos parametros cinéticos, 
permitiram  um bom ajuste entre os dados simulados e os experimentais.  
Foi estudada experimentalmente e por simulação a influência da queda de 
pressão, perfis de temperatura e distribuiçao dos reagentes na conversão de methanol, 
usando para tal reformadores com diferentes geometrias. Os resultados mostraram que 
a geometria em multi-canal assegura velocidades de fluxo semelhantes entre canais, 
baixa queda de pressão e temperatura homogénea no leito de catalisador, o que resulta 
em altas conversões de methanol. Concluiu-se, ainda, que reformadores com geometria 
em multi-canal são uma boa opção para a integração térmica com HT-PEMFCs. 
A integração térmica de um reformador celular (MSR-C) com uma HT-PEMFC foi 
estudada experimentalmente e por simulação. Para tal, desenvolveu-se uma placa 
bipolar em compósito de carbono/PPS (polifenileno-sulfureto), em que, num dos lados 
foram desenhados os canais de escoamento para o MSR e, do outro, os canais de 
escoamento para ânodo da HT-PEMFC. A unidade integrada MSR-C/HT-PEMFC foi 
montada utilizando um conjunto de eléctrodos/membrana (MEA) da ADVENT TPS com 
área ativa de 25 cm2 e demonstrou elevado desempenho a 453 K. A operação em 
contínuo resultou na degradação acentuada da MEA devido a uma baixa conversão de 
metanol (<90%). A análise por espectroscopia de impedância eletroquímica (EIS) 
 mostrou aumento da resistência no cátodo devido à utilização de reformado. Este facto 
deveu-se à presença de metanol no ânodo e consequente permeação para o cátodo, 
especialmente a temperaturas mais baixas onde a conversão do metanol era menor. 
Devido ao mau isolamento térmico, a sustentabilidade térmica da unidade integrada só 
foi atingida a 0,75 A·cm-2. Num segundo estudo, a unidade MSR-C/HT-PEMFC foi 
modificada e usou-se uma nova placa bipolar de alumínio banhada a ouro. A unidade 
combinada foi montada com uma MEA Celtec P2200N de 45 cm2 e, demonstrou um 
desempenho notável a 453 K, sendo o mais alto já reportado na literatura para 
dispositivos semelhantes. O dispositivo demonstrou boa estabilidade num ensaio de 
durabilidade de 700 h e à densidade de corrente de 0,2 A·cm-2. A análise de EIS 
demonstrou que o uso de reformado como combustível, durante o período estudado, 
não teve influência significativa na degradação da MEA. A integração térmica do MSR-
C/HT-PEMFC foi ainda analisada por simulação e, para tal, foi desenvolvido um modelo 
tri-dimensional não-isotérmico em CFD. Os resultados da simulação mostram 
sustentabilidade térmica do dispositivo a baixas densidades de corrente (0,1 A·cm-2) 
utilizando um isolamento térmico de lã de vidro de 3 cm de espessura. Foi ainda 
proposta uma pilha de 10 células,  a qual demonstrou elevado desempenho sem 
qualquer fonte externa de calor, para densidades de corrente entre 4,5 A (0,1 A·cm-2) e 
54 A (1,2 A·cm-2). 
Foi ainda investigada a produção e purificação e de uma corrente de reformado 
para aplicações em HT-PEMFC. Foi desenvolvido um modelo tri-dimensional não-
isotérmico em CFD de um reator de membrana (PBMR), com remoção selectiva de 
hidrogénio através do uso de membranas de Pd-Ag ou remoção seletiva de dióxido de 
carbono através de membranas com líquidos iónicos suportados (ILs). O uso de 
membranas de Pd-Ag, apesar da baixa eficiência e complexidade do processo, permitiu 
ober uma corrente pura de hidrogénio, e aumentar a conversão devido à remoção de 
hidrogénio do meio reacional. A remoção seletiva de dióxido de carbono do meio 
reacional revela-se energeticamente mais eficiente que a remoção de hidrogénio, 
apesar  de se refletir num pequeno aumento da conversão de methanol. Para a 
purificação de hidrogénio com PMBRs, as membranas com líquidos iónicos suportados 
necessitam de ser muito seletivas e rápidas, as quais ainda não foram desenvolvidas. A 
integração de um reator de membrana celular (PBMR-C) com um HT-PEMFC foi ainda 
avaliada por simulação a 473 K. No modelo considerou-se uma membrana fina de Pd-Ag 
 xiii 
 
entre o catalisador de reformação e o MEA. A unidade combinada (PBMR-C/HT-PEMFC) 
demonstrou ser compacta, termicamente eficiente e com desempenho elevado e 
semelhante ao obtido com uma HT-PEMFC alimentada diretamente com hidrogénio. 
Conclui-se, ainda, que o desempenho da unidade combinada está dependente da 
permeabilidade, seletividade e estabilidade da membrana de Pd-Ag a 473 K. 
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摘要 
 
本论文涵盖如下主题：通过低温甲醇蒸汽重整（MSR）的制氢、以及与高温
聚合物电解质膜燃料电池（HT-PEMFC）的一体化。它覆盖MSR的催化剂制备、动
力学建模、重整器和双极板的设计、MSR与HT-PEMFC实验和模拟的集成、以及氢
气净化策略。本论文⾸先合成了⼀种新型且高活性的MSR催化剂。该催化剂是一
种掺杂镓的铜基（CuO/ZnO/Ga2O3），对其形貌、结构和组成进行了分析。在
453 K，其催化活性是商业催化剂（CuO/ZnO/Al2O3）的2.2倍。采用两种动力学模
型：一种是通过经验，另一种是通过机理，来描述新型催化剂的MSR反应。 在合
适的动力学参数评估之后，两个模型显示了预测和实验两方面的甲醇转化率之间
的良好⼀致性。 
通过实验和CFD模拟，透彻研究了压降、温度和流量分布对使用不同重整器
设计的甲醇转化的影响。结果表明，由于窄通道和高金属表面积，多通道设计保
证了通道之间近似的流速、低的压降和低的温度下降，由此导致高甲醇转化率。
这表明，具有多通道设计的重整器是与HT-PEMFC热集成的一个良好解决方案。 
通过实验和模拟研究了甲醇重整装置（MSR-C）与HT-PEMFC的热集成。为
此，制造了由碳/PPS（聚苯硫醚）复合材料制成的双极板，其特征在于燃料电池
的阳极流场在一侧，而重整器的流场在另一侧。装配有ADVENT TPS公司面积为
25 cm2 的膜电极组件（MEA）的MSR-C/HT-PEMFC，在453 K下显示出高的性能。经
过几个小时的操作，由于甲醇转化率低（<90 ％），MEA的降解是显着的。电化
学阻抗谱（EIS）分析显示，阴极阻抗随着作为燃料的重整产物而增加，这是由于
从阳极到阴极有甲醇渗透现象，特别是在较低温度下甲醇转化率更低而导致的。
，仅在> 0.75 A·cm-2时，组合装置的自热可持续性才能获得，这是由于组合反应器
的隔热性差。在第二次尝试中，进⼀步改进了MSR-C/HT-PEMFC组合单元，制备了
 一种新的、且优化的镀金的铝双极板。装配了来自BASF的面积为45 cm2的 Celtec 
P2200N MEA的组合单元，在453 K下显示出了卓越的电池性能，并且在相比于使用
类似装置的文献报道中具有最高性能。该装置在0.2 A·cm-2下，700小时短时耐久
性测试中表现出良好的稳定性。EIS分析还表明，直接使用生产的甲醇重整气作为
燃料对MEA的降解没有显著影响。同时也通过模拟评估了组合的MSR-C/HT-PEMFC
的热集成。开发了一种3D非等温模型，并通过先前获得的实验结果进行了验证。
仿真结果显示了使用3厘米厚的玻璃棉保温的低电流密度（0.1 A·cm-2）的装置的
自热可持续性。基于组合单元，提出了一个具有10个单体的电堆; 结果表明，该电
堆在4.5 A（0.1 A·cm-2）和54 A（1.2 A·cm-2）之间的电流下的电池性能不需要任何
外部热源。 
本文还研究了面向HT-PEMFC应用的重整气的生产和净化。考虑两种类型膜
，即对氢气选择性透过的Pd-Ag膜和对二氧化碳选择性透过的支撑的离子液体（ILs
）膜，开发了固定床膜反应器（PBMR）的3D非等温模型。模拟结果表明，尽管
效率低，工艺复杂程度高，但从反应体中的选择氢气排出可提高甲醇转化率，产
生纯氢气流。选择性二氧化碳去除的膜，相比除氢的膜，具有更好的能量效率性
，特别是对于高氢回收时；然而，它对甲醇转化率有一个小的影响，而且需要具
有非常高的选择性和高速度的膜，而这种膜是难以获得的。考虑重整催化剂和
MEA之间非常薄的Pd-Ag膜，通过在473K下的模拟评估了单体固定床膜反应器（
PBMR-C）与HT-PEMFC的集成，。PBMR-C/HT-PEMFC显示出高性能，其性能可媲美
使用氢气的HT-PEMFC，而且，展示出它是紧凑的、和高热效性。 组合单元的性能
依赖于Pd-Ag膜在473K的渗透性、选择性和稳定性。
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Introduction 
 
 
 
 
 
1.1. Changing environmental policies 
 
The continuing growth of urban areas is likely to be one of the most significant 
factors affecting society over the next 50 years, according to United Nations Agency [1]. 
The large cities in the world will be overcrowded and characterised by poverty and pol-
lution. Moreover, the International Energy Agency (IEA) predicted a world energy con-
sumption growth of 56% between 2010 and 2040 [2], mostly from non-Organization for 
Economic Cooperation and Development countries, where demand is driven by strong 
economic growth and reliant on fossil fuels. 
Presently, an estimated 90% of European Union (EU) citizens are exposed to some 
of the most harmful atmospheric pollutants, namely NO2, at levels judged dangerous by 
the World Health Organisation [3, 4]. 70 000 premature deaths in 2013 were attributed 
to the NO2 high levels, where diesel-powered vehicles are pointed out as the main 
sources of these gas emissions in EU. The European Commission identified possible 
measures to lower polluting emissions, which includes reducing overall traffic volumes, 
adapting driving behaviour, replacing the type of fuels used, or switching to electric cars. 
The Paris Agreement entered into effect on 4 November of 2016 and is the global 
response to the threat of climate change caused by the greenhouse gases emissions. The 
goals of this agreement [5], described in Article 2 of the United Nation Framework Con-
vention of Climate Change Agreement, are the following: 
(a) Holding the increase in the global average temperature to well below 2 °C 
above pre-industrial levels, but preferably no more than 1.5 °C above pre-industrial lev-
els. 
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(b) Increasing the ability to adapt to the adverse impacts of climate change and 
foster climate resilience and low greenhouse gas emissions development, in a manner 
that does not threaten food production. 
(c) Making finance flows consistent with a pathway towards low greenhouse gas 
emissions and climate resilient development. 
The climate goals of the Paris Agreement are extremely challenging to meet, re-
quiring policies that help to accelerate low carbon technologies and energy efficiency in 
all sectors. According to IEA[6], more than 700 million of electric cars by 2040 will be 
needed, wind and solar should replace coal growing in importance in the energy sector,  
renewables need to expand their use in the industrial, building and transportation sec-
tors instead of being confined to electricity generation. Environmentally friendly tech-
nologies are being developed and implemented, but government policies will determine 
the future of global energy. 
 
1.2.  The role of hydrogen in the new economy  
 
In 1970, John Bockris foresaw the hydrogen economy, but only in recent years 
hydrogen has gained a considerable interest as an energy carrier, mostly due to fuel cells 
technology. Hydrogen is the smallest of all atoms and most common chemical element 
on the planet Earth; it is eight times lighter than methane, so light that it escapes the 
Earth gravity and consequently does not exist in nature in its pure form. Hydrogen can 
be produced by water electrolysis or by chemical processes from hydrocarbons or even 
other hydrogen carriers (e.g. NH3) and when burned in the presence of oxygen, only wa-
ter is produced, which can be returned to nature in its original form. The hydrogen ob-
tained by water electrolysis produces no pollutants in all the production/consumption 
cycle and renewable energy sources such as solar, wind, water, or geothermal heat can 
supply the electrical power needed. Producing hydrogen from water splitting using elec-
trical energy is however one of the most energy-intensive ways to produce this fuel [7]. 
A high over-potential is required to overcome polarization and ohmic losses caused by 
the electric current flow, making the efficiency of the process low. Therefore, hydrogen 
is produced mostly from natural gas steam reforming over supported nickel catalysts in 
packed-bed reactors with an efficiency of ca. 90% [8]. The hydrogen-rich stream is fur-
ther upgraded through several steps of purification, which includes water-gas-shift 
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(WGS), preferential oxidation (PROX) and pressure-swing-adsorption process [8]. The 
purification process comprehends several individual process units running at different 
temperatures and pressures, which influences negatively the overall efficiency [9]. Me-
thane reforming with respect to well-to-wheel efficiency analysis and overall CO2 emis-
sions, does not show significant advantages since most of the practical applications, e.g. 
engines propulsion, can use directly natural gas instead of hydrogen. Moreover, hydro-
gen gas is difficult to store, transport, deliver and has a low energy density by volume. 
Gas compression, liquefaction or chemisorption using metal hydrides are some of the 
techniques used to store hydrogen [10]. Typically, hydrogen is stored at high pressure 
(700 bar) in multilayers carbon fibre-reinforced tanks, providing an energy density of 
4.4 MJ·dm-3 [10, 11]. The hydrogen compression to 700 bar results, however, in an en-
ergy consumption of ca. 13 % of the stored hydrogen high heating value (HHV) [12]. Liq-
uid hydrogen can increase the energy density to 9.4 MJ·dm-3 [10, 11], but the energy cost 
for the liquefaction is above 30 % HHV. Storing hydrogen in spongy matrices of alloys 
such as, LaNi5, LiBH4 or NaBH4 by physical/chemical sorption provides an energy density 
by volume of ca. 7.7 – 8.4 MJ·dm-3, but by mass only 1.2 MJ·kg-1, making metal hydrides 
yet impractical for mobile applications [13].  
 
1.3. Fuel cells 
 
Fuel cells (FCs), by definition, are electrochemical devices that convert chemical 
energy of a fuel into electrical energy. The first references to Fuel Cells appeared in 1838 
by William Grove, who reported an improved wet-cell battery called the ‘Grove cell’, 
based on reversing the electrolysis of water [14]. FCs are essentially composed by an 
electrolyte (membrane), two electrodes and two gas diffusion layers for the anode and 
cathode, as depicted in Fig. 1.1. The fuel, typically hydrogen, is fed to the anodic com-
partment and oxidant, typically air, is fed to the cathodic compartment. The potential 
difference between the two half-cells creates an electric field that ionizes the adsorbed 
atomic hydrogen (Volmer – Tafel mechanism) [15]. The electrons flow through the ex-
ternal circuit, while protons (in acid electrolytes) migrate through the electrolyte in order 
to maintain the electroneutrality of the medium. In the cathode, the proton and elec-
trons react catalytically with the adsorbed oxygen to form water vapour (Damjanovic – 
Brusic mechanism) [16]. In the last years, FCs gained a renewed attention because they 
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represent an environmental friendly technology with high efficiency, low noise pollution 
and has water vapour as the only gas emission. 
 
Fig. 1.1 Fuel cell scheme. 
 
1.3.1. Types of fuel cells 
 
Fuel cells are primarily classified according to the nature of the electrolyte. The 
electrolyte determines the type of chemical reactions, the operating temperature and 
most suitable applications for the fuel cell. A brief description of the most common FCs 
is presented below.  
 
Alkaline fuel cell (AFCs) 
Alkaline fuel cells (AFCs), also known as the Bacon fuel cell, were invented in 1940 
by Francis Thomas Bacon [17]: They became famous after being employed in the Nasa 
Apollo Space Program in the 1960s. AFCs use an aqueous solution of potassium hydrox-
ide (KOH) supported in a porous material as electrolyte and operate at low temperature 
between 298 and 343 K, reaching efficiencies of ca. 60–70% [18]. The electrochemical 
reactions are the following: 
- -
2 2Anode: 2H 4OH 4H O +   + 4e →                    (1.1) 
- -
2 2Cathode: O 2H O + 4e + 4OH→                    (1.2) 
The electrodes can be made of different cheap materials, but the efficiency in-
creases when platinum and noble metal catalysts are used, increasing also the costs [19]. 
The AFCs are cheap, compared to other FCs, and have a quick start-up; the major disad-
vantages relates to the use of corrosive electrolytes, that reduce the life span, and the 
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sensitivity towards CO2, which reacts with the electrolyte forming carbonates that pre-
cipitate on the pores of the electrodes, blocking them [20]. Therefore, AFCs require both 
anode and cathode gas stream purification making them inadequate for commercializa-
tion. The control of the electrolyte level is critical, since the excess leads to electrode 
flooding and the insufficiency to the electrode drying [21].  
 
Phosphoric acid fuel cell (PAFC) 
Phosphoric acid fuel (PAFC) cells were developed in the 1960s and were the first 
fuel cells to be commercialized. Since the 1970s, more than 500 PAFC power plants were 
built, being the largest operated in Japan between 1991 and 1997 with a capacity of 11 
MW [22]. This type of FCs uses phosphoric acid (H3PO4) retained in a 0.1–0.2 mm thick 
SiC matrix as an electrolyte. The protonic conductivity of electrolyte is high, due to the 
low thickness, but the mechanical properties are limited, allowing a maximum pressure 
difference between anode and cathode of 200 mbar [23]. The PAFC operates above the 
melting point of H3PO4, more precisely between 423K and 473 K [24]. The electrochem-
ical reactions are the following: 
+ -
2Anode: 2H 4H  + 4e  →                         (1.3) 
-
2 2Cathode: O  + 4H +4e 2H O + →                     (1.4) 
The electrodes are made of carbon supported platinum- and uses Pt loading rang-
ing between 0.25 - 0.5 mg·cm-2 [25]. The use of carbon support at high temperatures and 
acid conditions limit the potential to less than 0.8 V [26], due to the corrosion of the 
electrodes and Pt agglomeration. The PAFC are very stable [27], very tolerant to impuri-
ties (reformed hydrocarbons can be used as fuel) and can be used for cogeneration and 
hot water supply due to their high operating temperature [19,27]. The main drawback 
of PAFC are the high costs related to the platinum catalyst. 
 
Molten carbonate fuel cell (MCFC) 
Molten carbonate fuel cells were invented by G.H.J. Broers and J.A.A. Ketelaar in 
1960 [28]. The device employed an electrolyte comprising a mixture of alkali metal car-
bonates constrained within a disc of magnesium oxide. The high operating temperatures 
of MCFC, between ca. 873–973 K, allow the carbonate ions to be transported through 
the melted electrolyte. The electrochemical reactions are the following: 
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2- -
2 3 2 2Anode: 2H + 2CO 2H O   + 2CO + 4e→               (1.5) 
- 2-
2 2 3Cathode: O + 2CO  + 4e 2CO →                   (1.6) 
The high operating temperature allows the use of non-precious metals as elec-
trodes that are in contact with a molten carbonate electrolyte [19]. MCFCs use two nickel 
based porous electrodes with good electric conductivity, nickel in the metal form in the 
anode and nickel oxide in the cathode [29, 30]. The electrolyte is typically a eutectic 
mixture of lithium and potassium carbonates (62 wt. % Li2CO3 and 38 wt. % K2CO3) with 
melting point of ca. 823 K [31]. The major advantages of MCFC are the high efficiency, 
between 50–60%, low cost and the possibility of internal reforming in the anode [19, 
28]. The degradation of materials associated with high operating temperature results in 
a poor lifespan. The MCFC are intolerant to sulphur and have a slow start-up making 
these devices interesting only for large plants applications [32]. 
 
Solid oxide fuel cell (SOFC) 
Solid oxide fuel cells (SOFCs) were proposed for the first time by Emil Baur and H. 
Preis in the late 1930s, while working with solid oxide electrolytes such as zirconium, 
yttrium, cerium, lanthanum and tungsten oxide. However, the first operative ceramic 
fuel cell was only reported in 1937 by Baur and Preis [33]. SOFC relies on oxygen ion (O2-) 
transport in a stabilised zirconia such as yttria-stabilised zirconia (YSZ, (ZrO2)0.92(Y2O3)0.08) 
electrolyte [34]. The high operating temperatures of SOFC, between ca. 973–1273 K, al-
low the use of different fuels besides hydrogen, such as methane and carbon monoxide. 
Depending on the type of fuel used, the electrochemical reactions can occur according 
to the following equations: 
→2- -2 2Anode: 8H + 4O 4H O + 8e                      (1.7) 
→2- -2Anode: 4CO + 4O CO  4 + 8e                     (1.8) 
2- -
4 2 2Anode: CH + 4O 2H O   + CO + 8e→                 (1.9) 
→- 2-2  Cathode: 2O + 8e   4O                        (1.10) 
The anode electrode is a composite powder mixture of electrolyte material and 
nickel oxide (NiO), reduced to metal during operation [35]. Perovskite-type lanthanum 
strontium manganite, (La1−xSrxMnO3, LSM) and lanthanum calcium manganite 
(La0.66Ca0.33MnO3, LCM) can offer good performances as cathode electrodes at tempera-
tures above 1073 K [34, 35]. SOFCs are the most promising FC technology for stationary 
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and large power plants applications. It is the most efficient fuel to electricity converter 
(ca. 50–60 %) and presents flexibility in the choice of fuel. The heat released can be used 
for co-generation or for combined cycle applications [36]. The electrodes are made of 
non-precious metals and have potential for long life expectancy (40 000–80 000 h) [34]. 
The slow start up, high cost, material degradation, low variation in the load demand and 
intolerance to sulphur content of the fuel cell are some of SOFCs drawbacks [19]. 
 
Polymer electrolyte membrane fuel cell (PEMFC) 
Polymer electrolyte membrane fuel cells (PEMFC) are the most developed tech-
nology among FCs. They were invented in 1958 by Willard Thomas Grubb and Leonard 
Niedrach when using sulfonated polystyrene membranes as electrolytes [37]. In 1966, 
the company Dupont produced sulfonated tetrafluoroethylene, known by the commer-
cial name of Nafion™ [38]. The high proton conductivity and mechanical stability at tem-
peratures of 313 K – 363 K under fully hydrated conditions, makes Nafion™ the most 
used electrolyte in PEMFCs. The electrochemical reactions in PEMFCs are the following: 
+ -
2Anode: 2H 4H  + 4e→                          (1.11) 
+ -
2 2Cathode: O + 4H  + 4e 2H   O→                     (1.12) 
A new type of membranes for PEMFCs was developed in 1995 by Robert F. Savinell 
and Jesse S. Wainright [39], using (poly[2,2'-(m-phenylene)-5,5'-bibenzimidazole]), more 
commonly referred as polybenzimidazole (PBI), doped with phosphoric acid. These 
membranes are capable to operate efficiently without humidification at temperatures 
between 393 K and 453 K. The proton transport is assured by the phosphoric acid 
groups, with a mechanism similar to one observed in PAFCs. Savinell and Wainright pre-
dicted that a proton conducting polymer membrane operating at 473 K would be an 
opportunity to overcome the activity and stability problems of the Pt catalyst due to fuel 
impurities [40]. A more detailed description of the PEMFCs will be presented in the sub-
chapter 1.4.  
 
1.3.2. Fuel cell efficiency 
 
In a fuel cell, the hydrogen oxidization by oxygen to form water is an exothermic 
reaction and is described as follows: 
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( ) ( ) ( )2 2 22H g + O g 2H l O→                        (1.13) 
The Gibbs energy (∆G), as defined by J. Gibbs [41], is the greatest amount of me-
chanical work, which can be obtained from a given quantity of a certain substance in a 
given initial state. In the previous reaction (Eq. 1.13), a spontaneous process, the 
standard Gibbs energy of formation (∆fG0) of the products is less than that of the reac-
tants (Eq. 1.14). 
2 (l)
0 0 0
(products) (reactants)
-1
- 237.13 kJ molr H O f fG G G∆ = ⋅∆ − ∆ =           (1.14) 
Standard Gibbs energies of formation of the elements (H2 and O2) in their refer-
ence states are zero; therefore, the standard Gibbs energy of reaction value (Eq. 1.14) 
is equal to the standard Gibbs energy of water formation. For reversible electrochemi-
cal processes, all the Gibbs energy can be converted into electrical energy. The stand-
ard potential (E0) or the reversible open cell voltage (OCV) for a fuel cell, is deﬁned as: 
2 (l)
0
( )0 1.229 Vf H O
G
E
nF
∆
= − =                        (1.15)
 
The fuel cell potential (E) is described by the Nernst equation and depends on 
the reactants temperature and partial pressures. Considering also the effect of tem-
perature on E0, E is calculated according to the following expression:
 
2 2
2
1/20
0
0( ) ln O
H
H O
P PS RTE E T T
nF nF P
 ∆
= − − + 
 
                  (1.16)
 
where R is the ideal gas constant, T is the temperature, P is the partial pressure, n is the 
mole number of electrons involved in the reaction and F is the Faraday constant 
(96 485.309 C·mol-1) and ∆S is the entropy variation.  Rearranging Eq. 1.16 and using the 
standard thermodynamic values, it can be written as: 
( )2 23 51.229 0.85 10 ( 298) 4.3 10 ln 0.5H OE T T P P− −= − × − + × +        (1.17) 
The thermodynamic efﬁciency is described as the ratio between the energy 
output and the energy input. The efficiency in fuel cells can be expressed as the ratio 
between the electrical work produced and the heat released by burning the fuel (Eq. 
1. 18).
 
η
∆
−
= × = × =
−∆
2 (l)
2 (l)
0
0
237.13100 100 83 %
285.83
f H O
d H O
G
H
                (1.18)
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Considering that all Gibbs energy of formation (∆Gf) is converted to electric 
energy, the maximum efﬁciency of a fuel cell at standard conditions is 83 %. How-
ever, not all the Gibbs energy of formation is converted to electric energy, some of it 
is lost in the form of heat due to cell polarization and the ohmic losses. The fuel cell 
energy conversion efficiency can be expressed as the ratio between electric potential 
output (VFC) and the thermoneutral electric potential (the electric potential if all the 
enthalpy of hydrogen is converted in electric energy):
 
η == × = × = × =
∆
2 (l)
0
Power output 100 100 100 67 %
Power input 1.482
2
FC FC
FC
f H O
V I V V
H
I
F
   (1.19)
 
Fuel cells do not necessarily have a higher eﬃciency than heat engines. A fuel 
cell operating at 0.6 V has a maximum efficiency of 40 %. Low speed diesel marine 
engines, can reach an overall energy conversion efficiency above 50% [42] and gas 
turbines in combined-cycle for power generation applications can reach thermal ef-
ficiencies above 60 % [43]. Fuel cells are thermodynamically more efficient at lower 
temperatures (E decreases with temperature increase, Eq. 1.17), but the potential 
losses (kinetic losses, namely activation and ohmic) are lower at higher tempera-
tures. It is more advantageous to run a fuel cell at higher temperatures, yet with 
lower thermodynamic eﬃciency, and produce higher operating currents. Moreover, 
the heat produced by fuel cells at higher operating temperatures can be used more 
efficiently, than the heat produced at low operating temperatures. 
 
1.3.3. Potential losses 
 
The electric potential difference (∆V) of the fuel cell decreases with the electric 
load due mostly to potential losses, which are classified as activation, ohmic and con-
centration/diffusion losses. Each of these terms are important at different electric 
loads, as shown in the potential difference-current density curve (Fig. 1.2). 
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Fig. 1.2 Typical potential-current density curve.  
 
Activation losses 
Activation losses reﬂect a loss of overall potential for driving the reaction in the 
desired products direction, which includes the hydrogen split into electrons and protons 
and the water formation. The losses are often referred as overpotential and are the 
diﬀerence between thermodynamic potential and the observed potential. The relation-
ship between activation losses (Vact) and current density (j) can be mathematically de-
scribed by the Tafel equation: 
0ln , 2act
j RTV A A
Fj α
 
= = 
 
                        (1.20)
 
Where, j0 is the exchange current density (ranging between 10-2 and 10-8 A∙cm-2 [44]) and 
α is the charge transfer coefﬁcient (ranging between 0 and 1 and has no units [44]). The 
exchange current density is the current density at the equilibrium, where the overpo-
tential is zero (reversible potential). The charge transfer coefﬁcient is the fraction of elec-
trostatic potential at the electrode-electrolyte interface that affects the rate in an elec-
trode reaction by lowering the free energy barrier [45]. The Tafel equation is applied to 
each electrode separately, assumes that the reverse reaction rate is negligible compared 
to the forward reaction rate and is only valid for j > j0. 
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Ohmic losses 
Ohmic losses are due to the proton transport resistance in the electrolyte, electri-
cal resistance in the electrodes and current collectors and interface resistances. Ohmic 
losses are calculated by the Ohm’s law:  
ohmic ohmV R j=                               
 (1.21)
 
 
Concentration losses 
Concentration losses reflect changes in the local concentration of reactants at the 
neighbourhood of the catalyst. This effect occurs at high current densities, when the 
reactants are consumed faster than they can be transport from the bulk to the catalyst 
active sites. The mass transport mechanisms within the fuel cell include convection and 
diffusion. This effect is responsible for an important voltage drop and can be calculated 
using the semi-empirical equation:  
lim
ln 1conc
jV b j
 
= − 
                              
(1.22)
 
where b is empirical coefﬁcient and jlim is the current density when the concentration 
of reactants in the catalyst active site is zero. [14]. 
 
 
The quantiﬁcation of losses based on the polarization curve is a difficult task, 
since contributions from the different processes are overlapped. Considering all the 
losses, namely activation, ohmic and mass transport losses, the fuel cell effective po-
tential (VFc) becomes:
 
Fc Act ohmic concV E V V V= − − −                         (1.23) 
 
1.4. Polymer electrolyte membrane fuel cell  
 
PEMFCs are divided accordingly to the operating temperature; those that operate 
below the water vaporization temperature, named low temperate PEMFC (LT-PEMFC or, 
more generally, just PEMFC) and those that operates above the water vaporization tem-
perature, named high-temperature PEMFC (HT-PEMFC). 
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1.4.1. Low-temperature PEMFC 
 
Nafion™ membranes, electrolyte 
Despite the efforts of the scientific community to develop more efficient and sta-
ble electrolytes, LT-PEMFCs still rely mostly on Nafion™ membranes and similar poly-
mers. Nafion™ presents a proton conductivity of ca. 10 – 20 S·m-1 under fully hydrated 
conditions at low-to-medium temperatures (343-363 K) [46]. The proton transport oc-
curs through hydrated ionic clusters originated in the hydrophilic sulfonic acid group at-
tached to the hydrophobic backbone of Nafion™ (Fig. 1.3).  
 
 
Fig. 1.3 Illustration of the Nafion™ polymer chains self-align into a micro channel structure and 
proton-conduction along the channel through the sulfonic acid functional groups. 
 
Microstructured percolated channels are formed in the ionic clusters and to them 
is attributed the high proton conductivity of Nafion™ membranes [46, 47]. The operating 
temperature is generally limited to ca. 363 K; a further increase in the temperature di-
minishes significantly the water content in the membrane, which results in a sharp de-
crease in the proton conductivity [48]. Nafion™, can also be used as electrolyte in direct 
formic acid fuel cell (DFAFC), direct ethanol fuel cell (DEFC) and direct methanol fuel cell 
(DMFC). These types of fuel cells show poor performances, despite the great efforts for 
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their development, due to a slow oxidation kinetics and fuel crossover through the mem-
brane [49].  
 
Pt based electrodes  
The critical component in LT-PEMFCs, in terms of costs, is the electro catalytic sys-
tem based on platinum (Pt). LT-PEMFCs use Pt nanoparticles dispersed on carbon black 
support. The Pt loadings typically used in the anode and cathode are ca. 0.4 mgPt·cm-2. 
Since the oxygen reduction reaction is more than six orders of magnitude slower than 
the hydrogen oxidation reaction, higher Pt loadings are typically used in the cathode 
[50]. The high price and loadings of Pt precious metal have a significant impact on the 
final price, making the spreading of this technology challenging. The US DOE 2017 targets 
for vehicles applications a Pt loading for the sum of both electrodes of 0.125 mgPt·cm-2 
capable to produce power densities of 8.0 kW·gPt-1. To achieve such power density, it is 
required a membrane electrode assembly (MEA) producing at 0.6 V at least 1.5 - 2 A·cm-2 
of current density [51]. The strategies to achieve such low loading includes producing 
very small and highly dispersed Pt nanoparticles [52], development and optimization of 
the carbon supports [53] and producing core-shell catalysts where a Pt shell is surround-
ing a particle core of a non-precious metal such as copper or nickel [54]. 
 
Fuel contaminants   
The electro catalytic systems based on Pt can be easily poisoned, especially by CO, 
at the operating temperature of LT-PEMFCs. According to the International Organization 
for Standardization (ISO 14687), the hydrogen for LT-PEMFCs in automotive applications 
should have a CO concentration lower than 0.2 ppm [55]. To obtain such purity, hydro-
gen can be produced directly from water electrolysis, which is an expensive process, or 
can be produced from methane by steam reforming, followed by an expensive and com-
plex purification process. Some strategies can be implemented to suppress the catalyst 
poisoning due to high CO levels (< 50ppm) namely internal/external air bleed or/and in-
troducing a second metal, such as ruthenium (Ru), in the catalyst system [56]. In short, 
the high purity of hydrogen required for LT-PEMFCs is a critical issue for this technology. 
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Long-term stability 
The life span and the long-term performance, especially considering start-stop cy-
cles, is an important concern in LT-PEMFCs. According to US DOE, the lifetime target in 
2020 for LT-PEMFCs is 5000 h for vehicle applications (with cycling, Table 1.1) [57]. Often 
the lifetime for mobile applications is measured in terms of service life until 10 % perfor-
mance degradation is reached. For portable applications (<1 kW) the lifetime target is 
usually defined when 20 % of performance degradation is reached. Currently, these tar-
gets can only be met under controlled laboratory conditions [58]. The performance deg-
radation is attributed generally to poor water management, fuel and oxidant starvation, 
corrosion and chemical reactions of cell components. Operation under dehydrated con-
dition can damage the membrane while flooding facilitates corrosion of the electrodes, 
gas diffusion media and the membrane. Impurities present in the fuels can also poison 
the electrodes or damage the membrane.  
 
Vehicle applications  
LT-PEMFCs are the most adequate technology for vehicles and mobile applica-
tions. In 2014, LT-PEMFCs have finally been implemented in automobile for mass pro-
duction; the Toyota Miray (Fig. 1.4) nowadays in commercialization is equipped with a 
370-cell stack, which after a DC-DC converter, deliveries 650 V with a maximum output 
of 114 kW and power output density of 3.1 kW/L, the highest value ever reported for a 
stack [59]. The hydrogen is fed to the stack using two carbon fibre-reinforced tanks that 
store up to 5 kg of hydrogen pressurized at 70MPa. In collaboration with Toyota Motor 
Corp, BMW is developing PEM stacks and hydrogen tanks for implementation in future 
automobiles. BMW already presented its first prototype using the 5-series Gran Turismo 
platform but its commercialization will only occur in the next decade. After Toyota an-
nouncing that would freely share almost 6 000 patents related to hydrogen FC technol-
ogy, several other car manufactures joined Toyota in developing furthermore this FC 
technology.  
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Fig. 1.4 Toyota Miray (未来, ‘mirai’ Japanese word for ‘future’) is the first mass production hy-
drogen fuel cell vehicle. Adapted from [59]. 
 
1.4.2. High-temperature PEMFC 
 
Doped polybenzimidazole, electrolyte  
PBI membranes doped with phosphoric acid, after being developed by Robert F. 
Savinell and Jesse S. Wainright became the most common electrolyte for HT-PEMFC [39, 
60]. PBI is an aromatic heterocyclic polymer (Fig. 1.5) with high mechanical strength, 
good chemical resistance and glass transition temperature of 703 K. The proton conduc-
tivity of PBI is low (ca. 3.82 mS·cm−1 at 473 K); to increase it above 50 mS·cm−1 and be-
come suitable for fuel cell applications, PBI has to be doped with an acid [61]. However, 
the proton conductivity of PBI acid doped electrolyte systems is one order of magnitude 
lower than the free protic acids [62].  
 
 
Fig. 1.5 Chemical structure of mPBI (a), pPBI (b) and AB-PBI (c). 
 
Other polymers can also be used as electrolyte, such as: the regioisomer poly[2,2 
-p -(phenylene)- 5,5 -bibenzimidazole], or the most simple polymer of the polybenzim-
idazole family, poly(2,5-benzimidazole). Sulfonated poly-ether-ether-ketone (S-PEEK) 
blended with poly-benzimidazole (PBI), S-PEEK derived membranes such as sulfonated 
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poly-ether-ether-ketone with cardo group (S-PEEK-WC) [63] or pyridine based aromatic 
polyether doped with phosphoric acid electrolyte (Advent®) have also been used suc-
cessfully as electrolyte. 
 
Phosphoric acid, transport mechanism, and permeability 
Phosphoric acid exhibits the highest proton conductivity amongst other simple in-
organic and organic electrolytes (acids or bases), due to a strong autoprotolysis. The 
phosphoric acid, as other strong protic acids, is chemisorbed at PBI-type polymers. The 
chemisorption occurs through reaction between the acid and the alkaline imidazole 
structural units of the PBI polymer originating coulombic interactions and hydrogen 
bonds [64]. The phosphoric acid as doping electrolyte acts as a monoprotonic acid, de-
spite being a triprotonic acid, because only the ﬁrst dissociation exceeds the acidity of 
the protonated benzimidazole groups (KA(H3PO4) = 10-2.16 and KA(H2PO4-) =10-7.21) [65]. 
Grotthuss mechanism (also known as structure diffusion) is the dominant elemen-
tary process for the proton transport in PBI acid doped electrolyte systems [66]. The 
Grotthuss mechanism for proton conduction comprises a network of hydrogen bonds; 
the formation and breaking of these bonds, due to low bond strength, can be initiated 
by the thermal energy released locally during acid–base reactions [67]. Phosphoric acid-
doped PBI presents a zero water electro-osmotic drag coefﬁcient, meaning that water 
molecules are not transported together with protons. However, increasing the partial 
pressure of water vapour generally increases the proton conductivity of the membrane 
[68]. Without humidiﬁcation, the orthophosphoric acid (H3PO4) is converted to pyro-
phosphoric acid (H4P2O7) or higher oligomers at temperatures around 433 – 443 K, which 
have lower proton conductivity [69]. 
In the un-doped form, PBI membranes present a permeability towards hydrogen 
and oxygen at standard temperature and pressure of 1.9 × 10-11 mol·m-1·s-1·bar-1 and 
4.5 × 10-13 mol·m-1·s-1·bar-1, respectively [70]. PBI membranes doped with phosphoric 
acid at temperatures between 423 K and 473 K show a hydrogen and oxygen permeabil-
ity 2 to 3 orders of magnitude higher compared to the un-doped form at standard con-
ditions [70, 71]. The presence of permeated oxygen in the anode side leads to the cor-
rosion of the carbon supported catalyst, reducing the life span of the electrodes.  
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Pt based electrodes  
HT-PEMFCs use Pt nanoparticles supported on high surface area carbon (graphi-
tized or non-graphitized) held together by a high temperature stable polymer binder, 
e.g. PTFE, to form the catalyst layer. Phosphoric acid is added or transferred during the 
assembly from the doped membrane, to allow the proton transport to and from the cat-
alyst layer. The HT-PEMFCs, typically use reformate gases as a fuel, requiring Pt loadings, 
of ca. 1.0 mgPt·cm-2 in the anode and cathode, which is 2.5 times higher than in LT-PEM-
FCs and represents 45 % of the HT-PEM stack cost [72]. Despite having higher Pt loadings 
HT-PEMFCs have similar cost per kW of LT-PEMFCs; e.g. small power supplies (<1kW) 
has a cost of 6000 €·kW-1[72]. The same approaches used in LT-PEMFCs can be adopted 
for HT-PEMFCs to reduce the electrode costs such as avoiding a catalyst support using 
platinum black, sputtered electrodes [73], Pt-based aerogels [74] or carbon-free 
multi/bimetallic materials in the form of meso/nanostructured thin films [75, 76]. 
The Pt based catalyst tolerance to fuel impurities increases with the temperature 
[77–79]. Long-term stability studies (>3500 h) of HT-PEMFC at 453 K with a reformate 
stream as fuel (60 % H2, 2% CO, 5 ppm H2S, 21 % H2O, and 17 % CO) showed a degrada-
tion of 20 μV·h-1, similar to the observed with pure hydrogen [80]. HT-PEMFCs can toler-
ate up to 3 % of CO concentration [81], allowing the use of methanol/ethanol reformate 
as fuel without earlier purification.  
 
Long term stability 
The required stability  for automotive fuel cell systems is 5000 h (Table 1.1), which 
is equivalent to 200 000 driven kilometres. A dynamic study using HT-PEMFCs consider-
ing 240 start-up/shutdown cycles of 12 h of operation at 433 K and 0.2 A·cm-2 followed 
by 12 h of shutdown, after 6 000 h showed an average potential drop of 200 μV·cycle-1 
and 11 μV·h-1. A more extensive study considering 860 start-up/shutdown cycles of 7 h 
of operation at 423 K and 0.5 V followed by 17 h of shutdown, after 3.5 years showed an 
average potential drop of 300 μV·cycle-1 and 40 μV·h-1. Steady state operation during 
17 500h, at temperatures between 423 – 433 K and 0.2 A·cm-2, showed performance 
losses < 6 μV·h-1. The experimental results, so far reported, for long-term durability tests 
with HT-PEMFCs at steady state and dynamic are very encouraging, but still nearly half-
way of the DOE targets. 
 
CHAPTER 1 
 
Table 1.1 DOE durability targets for PEMFCs for automotive systems of 80-kWe (net) [57]. 
Characteristic Units 
2015 
Status 
2020 
Targets 
Ultimate 
Targets 
Stack power density W·L-1 3 000 2 250 2 500 
Stack specific power W·kg-1 2 000 2 000 2 000 
Performance  0.8 V mA·cm-2 – 300 300 
Cost $·kW-1net 26 20 15 
Durability in automotive drive cycle hours 3 900 5 000 8 000 
Start-up/shutdown durability cycles – 5 000 5 000 
Q/ΔTi kW·°C-1 1.9 1.45 1.45 
Pt (both electrodes) g·kW-1 0.16 0.125 - 
Pt (both electrodes) mgPGM·cm-2 0.13 0.125 - 
Loss in initial activity (mass activity loss) % 66c <40 - 
Loss in performance at 0.8 A·cm-2 mV 13 <30 - 
Electrocatalyst support stability (mass 
activity loss) 
% 41 <40 - 
Loss in performance at 1.5 A·cm-2 mV 65 <30 - 
 
Degradation mechanisms  
Several components contribute for the fuel cell performance degradation. Accel-
erated aging test with Fenton agent indicated that benzenoid rings of the polybenzimid-
azole polymers could be oxidized by peroxide radicals producing signiﬁcant degradation 
of the membrane physicochemical properties [82, 83]. Covalently crosslinking and ionic 
blending of the polymers demonstrate to improve the materials durability; however, the 
effect in the HT-PEMFC performance and degradation was not yet assessed [84]. The 
phosphoric acid loss is a critical factor in the fuel cell performance degradation [39]. The 
phosphoric acid loss via evaporation is the main mechanism for acid loss, but acid leach-
ing by liquid water can also occur during cold starts or shutdowns. The acid loss in steady 
state, via evaporation at 423 K, is ca. 2.1 µg·m-2·s-1 and can increase more than one order 
of magnitude when the temperature increases to 473 K [85]. The acid evaporation in-
creases at high current densities; the generated water converts pyrophosphoric acid to 
orthophosphoric acid, which has higher vapour pressure [86].  
Carbon corrosion and platinum dissolution in the acidic electrolyte also contribute 
to the HT-PEMFC performance degradation. High operating temperatures and high elec-
trode potentials enhance these phenomena. Studies have shown a platinum mass loss 
of 80 % at 478 K and 0.9 V after 100 h of operation [87, 88]; fortunately, the metal dis-
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solution rate decreases by more than 8 orders of magnitude when the cell potential de-
creases from values close to the open circuit voltage to 0.6 V [88]. The carbon support 
corrosion leads to the detachment of platinum, triggering the agglomeration of nano-
particles and the reduction of hydrophilicity of the catalyst layer. The mechanism for 
carbon corrosion in acid electrolytes considers a three-step process [89]: the carbon ox-
idation, the formation of carbon surface oxides and the formation of carbon dioxide 
from the hydrolysis of the carbon surface oxides. The hydrolysis of the carbon surface 
oxides is thermodynamically favourable at potentials higher than 0.207 V [90], but the 
low kinetics makes the use of carbon as support feasible. Increasing the operating tem-
perature increases the carbon corrosion kinetics making this issue more critical in HT-
PEMFCs than in LT-PEMFCs. The degradation of bipolar plates and gas diffusion layers 
are assumed to be of signiﬁcance, but only limited information is available. 
 
1.5. Methanol steam reforming*  
 
As mentioned previously, hydrogen is the most suitable fuel for PEMFC applica-
tions but has a very low volume energy density and shows limitations regarding storage 
and transportation. Methanol has been pointed out as an important energy carrier 
[91,92]; It can be produced from renewable sources, has a high hydrogen/carbon ratio 
and has no carbon to carbon bonds, which allows low reforming temperature (513 K – 
533 K), making it attractive for in-situ hydrogen production. Methanol can be also used 
directly in PEMFC, but displays low energy performance due to poor oxidation kinetics 
and methanol crossover from the anode to the cathode [93]. 
Methanol steam reforming (MSR) is a more attractive reaction than auto-thermal 
reforming or partial oxidation due to higher hydrogen production and low CO content in 
the product stream. Methanol steam reforming reaction (Eq. 1.24) is an endothermic 
reaction that occurs simultaneously with two side reactions that produce CO, reverse 
water-gas-shift (RWGS, Eq. 1.25) and methanol decomposition (MD, Eq. 1.26) [94,95]. 
 
____________________________ 
* The content of this subchapter is adapted from: A. Iulianelli, P. Ribeirinha, A. Mendes, A. Basile, 
Methanol steam reforming for hydrogen generation via conventional and membrane reactors: A 
review, Renewable and Sustainable Energy Reviews 29 (2014) 355–368. 
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-1
3 2 2 2 298KCH OH+H O CO +3H  , Δ ° =+49.40 kJ mol   H ⋅          (1.24) 
-1
2 2 2 298KCO +H CO+H O , Δ ° =+41.14 kJ molH ⋅              (1.25) 
-1
3 2 298KCH OH CO+2H  , Δ ° =+90.54 kJ molH ⋅              (1.26) 
 
1.5.1. Catalysts 
 
The state of the art of commercial catalysts for MSR are copper-based catalysts 
such as CuO/ZnO/Al2O3, due to their low cost and considerably high activity at tempera-
tures of ca. 523 K [96]. They present a pyrophoric nature, originate significant amounts 
of carbon monoxide and show low stability; e.g. after 60 h of operation at 523 K the 
methanol conversion drops ca. 40 % [97]. Sintering, coke deposition, catalyst poisoning 
(chloride, sulphur) and change in oxidation state, have been pointed out in the literature 
as possible reasons for the catalyst deactivation [98,99]. The coke formation can be pre-
vented using a water molar fraction above the stoichiometric value [100]; the sintering 
of the copper nanoparticles and change in oxidation state can be minimized by decreas-
ing the operating temperature. Thermodynamically, almost complete methanol conver-
sion can be achieved at 453 K [101], with only traces of carbon monoxide being pro-
duced. More active and stable at low temperatures catalysts for MSR are strongly de-
sired and apparently conceivable. Two approaches can be followed to prepare and im-
prove the characteristics of copper-based catalysts: a) adding promoters [102-105] 
or/and b) changing the preparation method [106, 107]. Both approaches are used to 
increase the metal dispersion and surface area, and to decrease the particle size. The 
most used promoters for copper-based catalysts are ZnO [102], ZrO2 [108], Mn [109], 
CeO2 [110] or Al2O3 [111]. Some materials can affect the CO selectivity such as ZrO2 [102] 
or change the surface area where copper is dispersed such as alumina or chromium (III) 
oxide [112]. Alumina is also used as catalyst support, but there are others such as carbon 
nanotubes that are being investigated with promising results [113]. The catalyst prepa-
ration method is the second tool available for improving the catalytic activity of copper-
based catalysts; co-precipitation and wet-impregnation based methods are the most 
used. Depending on the promoters or the supports, a more active catalyst of a specific 
type can be obtained by one or other method or even by a derivation of the previous 
(e.g. to produce CuZrO2, the best synthesis method is a derivation from co-precipitation 
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[114]). The family of gallium-promoted copper-based catalyst, produced by co-precipi-
tation, demonstrated one of the highest activities, stabilities and selectivities reported 
in the literature at temperatures lower than 473 K [115]. The high activity of this catalyst 
family was attributed to the Ga incorporation into the Cu–Zn oxide. A non-stoichiometric 
cubic spinel phase containing interstitial Cu1+ ions is originated, resulting in extremely 
small copper clusters (< 5 Å [115]) highly dispersed on a defective oxide surface. Other 
catalyst families, besides copper-based catalysts, are being studied for MSR reaction, in 
particular those containing metals from the group VIII-X, such as palladium. 
Pd/ZnO/Al2O3 catalyst presents higher stability than Cu/ZnO/Al2O3 [97]; when compared 
with other metals (Ni, Pt, Ru, Ir) supported on ZnO, Pd catalysts present lower CO pro-
duction and a higher methanol conversion [116-119]. The application of a second metal 
to form bimetallic alloy, can also improve the catalyst activity and selectivity. The best 
activity reported for Pd-based catalysts was obtained with Pd/Zn and Pd/Ga and the best 
selectivity with Pd/Cd [119]. Pd-based catalysts are drawing the attention of many re-
searchers that are investigating the role of the preparation methods [120], the effect of 
support surface area [121] and the particle size [122]. Pt-based catalysts also demon-
strated very high activity; e.g. Pt/In2O3/Al2O3 showed an activity 10 times higher than 
commercial Cu-based [123,124]. This high activity of Pt/In2O3/Al2O3 has been assigned 
to the contact regions between the metallic Pt with partially reduced In2O3 [125]. The 
major challenges of implementing commercially noble metals for MSR is the prohibitive 
high noble metal loadings (typical ranging from 5.0 to 15 wt.%), which limits their eco-
nomic viability.  
 
1.5.2. Reaction mechanisms  
 
The MSR reaction mechanism over copper-based catalysts has been intensively 
discussed in the literature [126-129]. The first reported mechanisms assumed that hy-
drogen was produced by the methanol decomposition followed by water gas shift reac-
tion [126,127]. Later, a mechanism involving the methyl formate as an intermediate, was 
suggested as follows [128]: 
3 3 22CH OH HCOOCH +2H                        
(1.27) 
3 2 3HCOOCH +H O CH OH+HCOOH                   
(1.28)
 
2 2HCOOH H CO+                            
(1.29)
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Several Langmuir–Hinshelwood kinetic models have been presented to predict 
the evolution of the MSR reaction [94,129]. These models proposed the methanol dehy-
drogenation to produce methyl formate and hydrogen, followed by the methyl formate 
hydrolysis to form formic acid and methanol and then the decomposition of formic acid 
to form carbon dioxide. The CO formation has been attributed to the reverse water gas 
shift reaction since the methanol decomposition reaction only occurs at higher temper-
atures [129]. The methanol decomposition reaction, if occurs, should use a second type 
of active sites (Type 2), different from the ones used by MSR and water-gas shift reaction 
(Type 1) [94, 95]. Most of the elementary reactions are catalysed by both types of active 
sites (Type 1 and Type 2) (Table 1.2, Eq. 1.30 – 1.41), with different adsorption entropies 
and enthalpies. The reaction between hydroxyls and methyl formate in the methanol 
decomposition (Type 2) follows a different path, with decarbonylation via a formyl, in-
stead of hydroxylation as occurs in MSR (Type 1, Eq. 1.42 –1.53, Table 1.2).  
 
Table 1.2 Reaction mechanisms occurring on active sites type 1 and 2 [94, 95]. 
Reactions on active sites Type 1 and Type 1a Reactions on active sites Type 2 and Type 2a 
S1+S1a+CH3OH (g)
kCH3O(1)
⇄
k- CH3O(1)
CH3O
(1)+H(1a) (1.30) S2+S2a+CH3OH (g)
CH3O(2)
⇄
- CH3O(2)
CH3O
(2)+H(2a) (1.42) 
S1+S1a+H2O (g)
kOH(1)
⇄
k- OH(1)
OH(1)+H(1a)  (1.31) S2+CO(g)
CO(2)
⇄
-CO(2) 
CO(2) (1.43) 
S1+CO2(g)
CO2(1)
⇄
- CO2(1)
CO2
(1) 
 
(1.32) 2S2a+H2 (g)
H(2a)
⇄
- H(2a)
2H(2a) (1.44) 
S1+CO(g)
CO(1)
⇄
-CO(1) 
CO(1) 
 
(1.33) CH3O
(2)+S2a
CH2O(2)
⇄
- CH2O(2)
CH2O
(2) + H(2a) (1.45) 
2S1a+H2 (g)
H(1a)
⇄
- H(1a)
2H(1a) (1.34) 
CH3O
(2)+CH2O
(2)
C2H5O2
(2)
⇄
- C2H5O2
(2)
CH3OCH2O
(2)
+ S2 
(1.46) 
CH3O
(1)+S1a
CH2O(1)
⇄
- CH2O(1)
CH2O
(1) + H(1a) (1.35) 
CH3OCH2O
(2)+S2a
CH3OCHO(2)
⇄
- CH3OCHO(2)
CH3OCHO
(2)
+ H(2a) 
(1.47) 
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CH3O
(1)+CH2O
(1)
C2HO2
(1)
⇄
- C2H5O2
(1)
CH3OCH2O
(1) + S1 (1.36) CH3OCHO
(2)
HCOOH(2)
⇄
- HCOOH(2)
CH3OCHO + S2 (1.48) 
CH3OCH2O
(1)+S1a
C2H4O2
(1)
⇄
- C2H4O2
(1)
CH3OCHO
(1)
+ H(1a) 
(1.37) CH3OCHO
(2) + S2
CHO(2)
⇄
- CHO(2)
 CH3O
(2)+CHO(2) (1.49) 
CH3OCHO
(1)+OH(1)
HCOOH(1)
⇄
- HCOOH(1)
HCOOH(1)
+ CH3O
(1) 
(1.38) CHO(2)+S2a
CO(2),
⇄
- CO(2),
H(2a) + CO(2) (1.50) 
HCOOH(1)+S1a
HCOO(1)
⇄
- HCOO(1)
HCOO(1) + H(1a) 
 
(1.39) S2+S2a+H2O (g)
OH(2)
⇄
- OH(2)
OH(2)+H(2a) (1.51) 
OH(1)+CO(1)
HCOO(1),b
⇄
- HCOO(1),b
HCOO(1) + S1 (1.40) S2+CO2(g)
CO2(2)
⇄
- CO2(2)
CO2
(2) (1.52) 
HCOO(1)+S1a
CO2(1),
⇄
- CO2(1),
H(1a) + CO2
(1) (1.41) HCOO(2)+S2a
CO2(2),
⇄
- CO2(2),
H(2a) + CO2
(2) (1.53) 
 
1.5.3. Reformer designs 
 
The reformer design has direct impact on the reaction conversion, but due to 
higher technical complexity and manufacturing costs of other designs, the reformers are 
normally tubular. Recent efforts in the area of micro-processing made possible and eas-
ier to manufacture other reactor designs and namely well-structured flat micro-reactors 
(Fig. 1.6). A micro-reactor is defined as a device that contains micro structured features, 
with a sub-millimeter dimension, in which chemical reactions are performed in a contin-
uous manner [130]. They present advantages compared to conventional ones, such as: 
higher surface-to-volume ratio, smaller mean distance of the specific fluid volume to the 
reactor walls, better heat and mass transfer properties and flow patterns that fit with 
the reaction needs [130,131]. Packed-bed micro-reactors require catalyst particles with 
regular shape and a size smaller than the internal dimensions of the micro-channels. 
Most of micro-reactors use the catalyst applied as a coating, to prevent high pressure 
drop created by very small packed catalyst particles [130]. Micro-reactors range in area 
from 0.1 cm2 to 10 cm2 [130], while mini-reactors range between 10 cm2 and 200 cm2. 
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Fig. 1.6 Micro reactors for methanol steam reforming. Adapted from [132,133]. 
 
The design of a reactor targets the maximization of the conversion and selectivity 
at the lowest cost; the reactor performance is influenced by the flow pattern, velocity 
profile, pressure drop and heat transfer, so all these aspects must be considered in the 
design. For conducting the methanol steam reforming reaction, the designs of most of 
reactors are parallel channels, pin-hole, coil-based and radial based (Fig. 1.7).  
 
 
Fig. 1.7 Different types of reformers; (a) parallel channels, (b) pin-hole, (c) coil/ serpentine and 
(d) radial. 
 
Coil-based reactor designs allow high conversions, but impose a significant pres-
sure drop penalty, which may be a limitation for compact applications [134]. On the 
other hand, the parallel channel designs exhibit a small-pressure drop, but the conver-
sion is low due to uneven mass distribution and is affected by the Reynolds number 
[134]. By adjusting the channels width or by imposing a pressure drop at the channels 
entrance even distributions on parallel channel designs can be obtained, improving the 
methanol conversion [134,135]. The pinhole design displays a methanol conversion 
comparable to coil-based designs, but originates lower pressure drop. The pinhole de-
(c) (b) (a) (d) 
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sign, however, exhibits a mass distribution that depends on the Reynolds number, rep-
resenting an important limitation, since the reactor should be operated at different flow 
rates. Typically, the molar flowrate of reformate stream is almost twice the feed flowrate 
(Eq. 1.24), originating a significant surface velocity increase as the reaction conversion 
progresses along a constant cross-section reactor. Moreover, since the pressure de-
creases towards the exit of the reactor, the surface velocity increases even more [136]. 
For a diffusion-limited or close to diffusion-limited reaction, this large variation of sur-
face velocity can be very detrimental for the reaction conversion [137].  
To minimize temperature gradients, some strategies have been considered such 
as high metallic surface, internal heating [138] or wall coated reformers [139-140]. Wall-
coated compared to packed-bed reformers, show low-pressure drop and high heat 
transfer, providing near-isothermal conditions but having lower specific catalyst load. 
Several studies indicated that wall-coated perform better than packed bed reformers, 
while others claim similar performances [141-143]. These different conclusions might be 
related to differences in catalyst-layer packing or coating methods, catalyst weight, 
channel width and operating conditions. Inside the catalyst layer, heat transfer is domi-
nated by heat conduction (e.g. λcat = 0.17 W·m-1·K-1 [144]), thus using glass beads or other 
inert particles with higher heat conductivity should improve the temperature distribu-
tion. 
 
1.6. Combining devices (MSR/HT-PMFC)* 
 
HT-PEMFCs based on PBI membranes, can be directly fed with methanol refor-
mate, since these devices can tolerate CO concentrations up to 3 % [68]. In-situ hydrogen 
production is already commercially used by Ultracell [145], and Serenergy [146,147] 
combined with HT-PEMFCs (Fig. 1.8). 
 
 
 
____________________________ 
* The content of this subchapter is adapted from: A. Iulianelli, P. Ribeirinha, A. Mendes, A. Basile, 
Methanol steam reforming for hydrogen generation via conventional and membrane reactors: A 
review, Renewable and Sustainable Energy Reviews 29 (2014) 355–368. 
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(a) (b) 
Fig. 1.8 Commercial HT-PEM reformed methanol fuel cell system, (a) Ultracell UC25; (b) Se-
renergy H3-350. Adapted from [145,146] 
 
1.6.1. External reforming 
 
UC25 [145] and H3-350 [146,147] power supplies use a similar arrangement for 
combining a fuel processor and HT-PEMFC. The fuel processor consists of a combustor, 
which burns the hydrogen of the anode vent, a vaporizer to heat and vaporize the fuel 
(molar water/methanol ratio of 1.5:1) and a reformer loaded with CuO/ZnO/Al2O3 cata-
lyst (as depicted in Fig. 1.9). Since the fuel processor operates as a stand-alone process, 
this approach is typically designated as external reforming [148]. During the start-up pe-
riod, which takes ca. 10- 15 minutes, a lithium battery provides the energy to electrical 
heaters until the operating temperature is reached. The reforming temperature is kept 
controlling the oxidant flow rate supplied to the burner. The heat transfer between the 
combustor and reformer requires high heat conductive materials, since it has a signifi-
cant impact on the temperature distribution and consequently on the methanol conver-
sion [149]. 
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Fig. 1.9 Standard setup for external reforming in a power supply. 
 
Different designs for combustors and reformers can also be adopted. For example, 
by changing reformer and combustor from parallel channel design to serpentine, the 
flow velocity increases, diminishing the thickness of the stagnant film adjacent to the 
wall, leading to an increase of the heat transfer coefficient [150]. In small devices the 
heat management is critical because of the high surface-to-volume ratio. A cylindrical 
design organized in a “thermal cascade” can be adopted to minimize heat losses, having 
cool layers covering hotter ones, thus the combustor is inserted in the center followed 
by the vaporizer and the reformer [151].  
 
1.6.2. Internal reforming 
 
Fuel cells are exothermic devices, while methanol steam reformers are endother-
mic; internal reforming targets to take advantage of efficient heat and mass transfer 
between the two devices. Internal reforming is considered when MSR catalyst is inserted 
in the anode compartment, where both reforming and electrochemical reactions occur 
simultaneously (Fig. 1.10). If a physical barrier is used between the two reactions, the 
configuration is classified as indirect internal reforming [148]. Due to the mismatch of 
operating temperatures between the reforming and electrochemical reactions, internal 
reforming was only attempted by few authors [156-158]. In general, internal reforming 
(direct/indirect) show high voltage losses and low current densities, due to insufficient 
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Fuel cell stack 
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fuel supply from the reformer and electro catalyst poisoning by the presence of metha-
nol [156-157]. The advantages of the internal reforming are the compactness and the 
heat integration efficiency. Moreover, the reforming conversion could also benefit from 
the continuous hydrogen removal from the medium, which increases the methanol con-
version.  
 
 
Fig. 1.10 Direct Internal MSR (adapted from [157]). 
 
1.6.3. Heat management  
 
The heat produced in the fuel cell stack cannot be wasted, since it represents more 
than 50 % of the input chemical energy. Air or a thermal fluid can be used to transfer 
heat between different components of the power supply [62].  
 
Air cooled 
Air cooled power supplies such as UC25 [145] and H3-350 [146], are simpler and 
use cooling channels designed in the stack or very high air stoichiometry in the cathode 
channels to remove the excess heat (Fig. 1.8). The stack flow fields must be designed to 
generate low-pressure drop in the air inlets minimizing the energy consumed by blowers 
or fans. The heat removed from the stack is typically channeled to be used in wa-
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ter/methanol evaporation. On the other hand, the heat required for the methanol re-
forming process, which occurs above the operating temperature of the stack, is supplied 
by burning the anode vent.  
 
Liquid cooled 
A uniform distribution of temperature among the different cells and between the 
inlet and the outlet of each cell is a challenging task, which becomes harder for large HT-
PEMFC systems. Liquid cooling systems are often more suitable for large HT-PEMFC sys-
tems [147,152,153], since thermal fluids allow more efficient heat transfer than air and 
liquid pumps consume less energy than air compressors or fans. The temperature distri-
bution on fuel cell stacks is significantly improved using thermal fluids compared to air 
cooling systems [152,153], however, the device becomes more complex. Several config-
urations for heat integration using a heat transfer fluid can be adopted. Most of them 
uses a serial system configuration with one fluid circuit [154,155], yet parallel configura-
tions with two fluid circuits have also been suggested [62,155]. The serial configuration 
use a single pump to drive the fluid through a circuit with several temperature levels. 
The fluid is heated in burner, cooling as it transfers heat to the reformer and continues 
to cool as it flows through the fuel evaporator. The fluid before reaching the stack goes 
through a heat exchanger to decrease the temperature below the stack operating tem-
perature. In the H3-5000 a 5 kW stack module from Serenergy [154], the thermal fluid 
circuit does not include the heat exchange with the reformer or the burner (Fig. 1.11). 
The H3-5000, is equipped with a radiator and a heat exchanger to reduce the fluid tem-
perature, an expansion vessel to maintain constant the fluid pressure, an electrical 
heater for the start-up and a pump to drive the fluid through the circuit. 
In the parallel configuration, two separate circuits, a low temperature (433–453 
K) and a high temperature (around 573 K) are used. The low temperature circuit includes 
the stack, the evaporator and a convective cooler with a fan. The high temperature cir-
cuit includes the reformer, a heat exchanger and the catalytic burner. In start-up mode, 
electrical heaters assist to warm up of both liquid circuits.  
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Fig. 1.11 H3-5000, a 5 kW stack liquid cooled [154]. 
 
1.7. Hydrogen Purification* 
 
The presence of contaminants in the methanol reformate stream (CO2, H2O, 
CH3OH and CO) can affect the performance of the HT-PEMFC, especially at high current 
densities, reducing the overall efficiency [159,160]. Several approaches can be adopted 
to produce a purer hydrogen stream. These includes the use of membrane reactors 
[161,162], adsorptive reactors [163], hybrid adsorptive membrane reactor [164] and flu-
idized bed adsorptive membrane reactors [165].  
____________________________ 
* The content of this subchapter is adapted from:  A. Iulianelli, P. Ribeirinha, A. Mendes, A. Basile, 
Methanol steam reforming for hydrogen generation via conventional and membrane reactors: A 
review, Renewable and Sustainable Energy Reviews 29 (2014) 355–368 and P. Ribeirinha, M. 
Boaventura, J. M. Sousa, A. Mendes,  Multifunctional hybrid sorption-enhanced membrane reactor, 
in A. Basile, F. Dalena, J. Tong, T. Veziroğlu, eds., Hydrogen Production, Separation and Purifica-
tion for Energy, IET (2017) 373-399. 
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These technologies present several benefits, namely: (i) increase of the reaction conver-
sion by shifting the equilibrium towards the reaction products and increase of the reac-
tants residence time due to selective removal of one or more reaction products; (ii) re-
duction of the downstream purification requirements by, for example, in-situ separation 
of the desired product; iii) reduction of the operating temperature. The hydrogen pro-
duction using membrane reactors are mostly settled on Pd and Pd alloys (Ag, Cu, Au) 
membranes [161,162]. The Pd based membranes present high selectivity towards hy-
drogen and high permeation at temperatures above 523 K [162]. Other metals such as 
vanadium, tantalum or niobium also show high permeability to hydrogen, however they 
present high surface resistance to hydrogen transport due to their high reactivity with 
gases [166]. The hydrogen transport in palladium membranes occurs through a solu-
tion/diffusion mechanism [167]. The mechanism follows six steps: a) adsorption of the 
molecular hydrogen on membrane surface; b) dissociation of molecular hydrogen; c) dis-
solution of atomic hydrogen into the palladium matrix; d) diffusion of atomic hydrogen 
through the membrane; e) re-combination of atomic hydrogen to form hydrogen mole-
cules; f) desorption of the hydrogen molecules. The hydrogen flux through thick Pd and 
Pd-alloy membranes (>10 μm) is limited by the hydrogen diffusion through the mem-
brane [168] and can be expressed by Sievert’s equation, as follows: 
( )22 2 2, 0.5 0.5,Sieverts-Fick ,retentate ,permeatee HH H HPJ p pδ= ⋅ −                 (1.54) 
where JH2 is the hydrogen flux through the membrane, Pe is the membrane permeability 
to hydrogen, δ is the membrane thickness, pH2,retentate and pH2,permeate are the partial pres-
sures in the retentate and permeate sides, respectively. 
Pd based membrane reactors applied to MSR can produce a pure hydrogen 
stream, enhance the conversion and allow the reaction to be carried out at lower tem-
perature. The conversion enhancement is attributed to the partial suppression of the 
MSR backward reaction and the increase of the residence time due to the partial removal 
of hydrogen from the reaction bulk. Performing the reaction at low temperature also 
suppresses the side reactions (MD and RWGS) [169]. The main disadvantages of using a 
membrane reactor based on Pd membranes are the costs and irreversible damages 
caused by impurities. The presence of hydrogen sulfide, sulfur dioxide, mercury vapour, 
thiophene, arsenic, unsaturated hydrocarbons, or chlorine carbon from organic materi-
als may contaminate dense Pd-based membranes [170]. The presence of CO, especially 
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at lower temperatures (<423 K) or at higher concentrations blocks the hydrogen perme-
ation, by adsorbing on the hydrogen adsorption sites [171]. Several other challenges 
such as membrane fouling, thermal and mechanical stability, hydrogen embrittlement 
and the energy for driving the hydrogen permeation (either using steam or high vacuum 
at the permeate side) limit the implementation of membrane reactors at the industrial 
scale. 
Microporous membranes, such as silica and alumina-based membranes or molec-
ular sieve carbon-based membranes have also been considered in steam reforming ap-
plication for hydrogen removal from the reaction bulk; they are cheaper than Pd mem-
branes, but difficult to prepare without defects, specially silica and alumina-based mem-
branes, and present low selectivity towards hydrogen [169,172,173]. Porous mem-
branes filled with ionic liquids have also been suggested for hydrogen production via low 
temperature methanol steam reforming [169,138]. These membranes have the particu-
larity of being selective to CO2, allowing air to be used as sweep gas and therefore avoid-
ing the usage of vacuum pumps. Although ionic liquid membranes are still in an early 
stage for steam reforming applications, they represent a very promising technology. 
 
1.8. Motivation and outline 
 
The exploitation of HT-PEMFC systems integrating in situ hydrogen production by 
methanol steam reforming has been increasing in the past few years for mobile and ve-
hicle applications. Operating the reformer and the fuel cell at similar temperatures is 
possible and expected to significantly improve the system overall energy efficiency and 
to simplify the system construction and operation. Accordingly, this thesis aims to study 
and optimize the main aspects related to the integration of a methanol steam reformer 
and HT-PEMFC.  Which includes, preparation and characterization of a highly active MSR 
catalyst, kinetic modelling, design of reformers and bipolar plates, experimental and sim-
ulated integration of MSR with HT-PEMFCs and strategies for hydrogen purification. 
The present work is divided in nine chapters, starting with a brief introduction 
(Chapter 1) about the importance of fuel cells, along with an overview of hydrogen pro-
duction and purification. Chapter 2, “A novel catalyst for low temperature MSR reaction” 
presents the development and physicochemical and kinetic characterization of a novel 
CuO/ZnO/Ga2O3 catalyst and the comparison with two different commercial catalysts. In 
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Chapter 3, “Designing a methanol steam reformer” three different reformers, a tubular, 
a multi-channel and a radial are studied experimentally and by CFD modeling. This study 
allows a better understanding on the influence of pressure drop, temperature and flow 
distribution in the performance of a reformer, providing important background for fur-
ther improving the design and operation of reformers. In Chapter 4, “Integration of a 
reformer with a HT-PEMFC – Part A” and Chapter 5 “Integration of a reformer with a HT-
PEMFC – Part B” is studied experimentally the integration of a reformer and a fuel cell 
operating at the same temperature. For this purpose, specific bipolar plates were devel-
oped and different types of commercial MEAs were tested. In Chapter 6 “Integration of 
a reformer with a HT-PEMFC – Part C (modelling)” a 3D non-isothermal CFD model was 
developed to simulate and study the operation of HT-PEMFC integrated with a methanol 
steam reformer at different operating temperatures. In Chapter 7, “H2 production with 
low carbon content using PBMRs” a 3D non-isothermal PBMR CFD model was developed 
to evaluate the hydrogen purification of a methanol reformate stream using a PBMR 
equipped with supported ionic liquid membranes or with palladium membranes. In 
Chapter 8, “Integration of a PBMR with a HT-PMFC (modelling)” is studied by simulation 
the in-situ hydrogen production and purification using a packed bed reformer integrated 
with a HT-PEMFC. The MSR catalyst is considered into the anodic compartment of a HT-
PEMFC, separated from the membrane electrode assembly by highly permeable and hy-
drogen selective palladium-alloy membrane. Finally, in Chapter 9, “Conclusions and fu-
ture work” presents the main conclusions of the present thesis along with future work 
suggestions.  
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A novel catalyst for low temperature MSR reaction 
 
 
 
 
 
2.1. Abstract 
 
Highly active catalysts for the methanol steam reforming (MSR) capable of oper-
ating efficiently at the same temperature of high temperature polymer electrolyte mem-
brane fuel cells (HTPMFCs) devices are strongly desired. A novel CuO/ZnO/Ga2O3 catalyst 
was synthesized by co-precipitation method and characterized by ICP-AES, N2-physisorp-
tion, SEM-EDX and XRD. This catalyst showed a catalytic activity 2.2 times higher than 
commercial CuO/ZnO/Al2O3 catalysts at 453 K. Two kinetic models one empirical and one 
mechanistic were applied to describe the methanol steam reforming reaction over one 
of the most promising catalyst family. 
 
 
 
 
 
 
 
 
 
____________________________ 
The content of this chapter is adapted from, P.Ribeirinha, C.Mateos-Pedrero, M.Boaventura, 
J.Sousa, A.Mendes, CuO/ZnO/Ga2O3 catalyst for low temperature MSR reaction: Synthesis, char-
acterization and kinetic model, Applied Catalysis B: Environmental, 221 (2018) 371-379.
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2.2. Introduction  
 
Methanol can be produced from renewable sources, is easy to store and has 
higher volume energy density than compressed or chemically bonded hydrogen storage 
technologies [1, 2]. Methanol, due to the absence of C-C bonds, has a low reforming 
temperature (513 K – 533 K) [2] making it suitable for fuel cell applications as a hydrogen 
source. Moreover, the hydrogen-rich gas stream produced by methanol steam reform-
ing (MSR) can be fed directly to high temperature polymer electrolyte membrane fuel 
cells (HT-PEMFC), due to the high CO tolerance (up to 3 % [3]). However, the low catalytic 
activity of commercial reforming catalysts at the operating temperatures of HT-PEMFCs 
(393 K – 453 K) [4, 5] increases the complexity and reduces the efficiency of power sup-
plies based on HT-PEMFCs integrated with reformers. Thermodynamically, the methanol 
conversion by MSR reaction is almost complete at 453 K [6], therefore catalysts with high 
activity at ca. 453 K, are conceivable and strongly desired. 
Copper-based catalysts, such as CuO/ZnO/Al2O3, are the most commonly used cat-
alysts for MSR due to their low cost and considerably high activity at temperatures of ca. 
523 K, despite the pyrophoric nature and low stability [7, 8]. The changes in oxidation 
state, reduction of the active area by sintering, coke deposition, catalyst poisoning (e.g. 
chloride and sulphur) are the main reasons for the catalyst deactivation [9, 10]. To im-
prove the copper-based catalyst several approaches are reported in literature, from the 
employment of different preparation methods [11, 12] to the addition of promoters [13-
16]. The Al2O3 is typically used as support and improves the surface area [8]; adding ZrO2 
to Cu-based Al2O3 supported, improves the reducibility and copper dispersion [14], while 
adding CeO2 has shown to increase the thermal stability and increases the CO conversion 
through WGS reaction [15, 16]. Recently, a gallium-promoted copper-based catalyst pre-
pared by co-precipitation method demonstrated to be highly active, stable and selective 
at temperatures lower than 473 K [15, 17-19]. The incorporation of Ga into the Cu–Zn 
oxide showed to improve the catalytic activity, by originating a nonstoichiometric cubic 
spinel phase containing interstitial Cu1+ ions, resulting in extremely small (< 5 Å) and 
highly dispersed copper clusters [17, 18].   
The search for a more suitable catalyst for MSR has led to consider metals from 
groups VIII–X due to their high activity, stability and low CO production [20-25]. Pd-based 
catalysts, for instance, display an unusual behaviour since they form Pd-alloys (e.g. Zn 
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and Ga) after proper reductive pre-treatment, modifying the catalytic function of Pd [20-
22]. Pt-based catalysts on the other hand demonstrated very high activity; e.g. 
Pt/In2O3/Al2O3 showed an activity 10 times higher than commercial Cu-based catalyst 
[22- 25]. This high activity of Pt/In2O3/Al2O3 has been assigned to the contact regions 
between the metallic Pt with partially reduced In2O3 [25]. The major challenges of using 
commercially noble metals for MSR is the prohibitive high noble metal loading (typical 
ranging from 5.0 to 15.0 wt.%), which limits their economic viability.  
Kinetic modelling of the methanol steam reforming process is a very important 
tool for scaling, designing and optimizing reformers. Several power-law and Langmuir–
Hinshelwood reaction rate expressions for MSR over CuO/ZnO/Al2O3 have been reported 
in literature, typically for operating temperatures above 473 K [26-31]. In this work two 
kinetic models, one empirical and one mechanistic are proposed for characterizing one 
of the most promising catalysts for MSR, a novel highly active gallium-promoted copper-
based catalyst supported on ZnO operating at temperatures between 453 K and 493 K. 
The CuO/ZnO/Ga2O3 catalyst was synthesized by the co-precipitation method and char-
acterized concerning the morphology, structure and composition by ICP-AES, N2-phy-
sisorption, SEM-EDX and XRD. Additionally, the catalytic activity of the in-house catalyst 
was compared with two commercial catalysts, CuO/ZnO/Al2O3 from BASF RP60 (hereaf-
ter mentioned as RP60) and from Süd-Chemie G66MR (hereafter mentioned as G66MR). 
The proposed kinetic models were fitted to the experimental results using a 1D isother-
mal packed bed reactor simulator.  
 
2.3. Kinetic models 
 
The kinetic models proposed in this study only consider the MSR reaction (Eq. 2.1); 
reverse water gas shift (RWGS, Eq. 2.2) and methanol decomposition (MD, Eq. 2.3) reac-
tions were not considered due to their very low rates at temperatures below 493 K [32].  
CH3OH + H2O ⇄ CO2 + 3H2 ∆H°298K = +49.40 kJ·mol-1           (2.1) 
CO2 + H2 ⇄ CO + H2O ∆H°298K = +41.14 kJ·mol-1              (2.2) 
CH3OH ⇄ CO + 2H2 ∆H°298K = +90.54 kJ·mol-1               (2.3) 
Two types of kinetic models were developed, one empirical (power-law model) 
and one based on mechanistic assumptions. Empirical models, despite their simplicity, 
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can fit very accurately the experimental results and are easy to implement [30, 31]. The 
mechanistic models, on the other hand, are based on physical assumptions and can ex-
press accurately the sequence of the reaction steps for the H2 formation [26]. 
 
2.3.1. Empirical model 
 
The power-law model expressed by Eq. 2.4 was adopted in this work to describe 
the MSR reaction on in-house catalyst (CuO/ZnO/Ga2O3). The temperature dependence 
of the reaction rate was assumed to follow an Arrhenius-type behavior (Eq. 2.5).  
( )
3 2 2 2MSR MSR CH OH H O H CO
a b c dr k T p p p p=                      (2.4) 
MSR 0(T)
Ea
RTk k e
−
=                              (2.5) 
where, r is the reaction rate of the methanol steam reforming reaction, k is the kinetic 
constant of the MSR reaction, p are the partial pressures of each component and a, b, c 
and d are the apparent reaction orders of methanol, water, hydrogen and carbon diox-
ide, respectively. k0, is the Arrhenius pre-exponential factor and Ea is the activation en-
ergy. The model has a total of 6 parameters, including the activation energy and pre-
exponential factor.  
 
2.3.2. Mechanistic Model 
 
The mechanistic model suggested by Peppley et al. [26] to describe the physical 
processes that occur in the MSR over the CuO/ZnO/Al2O3 catalyst was also considered in 
this work. The model comprises a set of Langmuir–Hinshelwood rate expressions, similar 
to those proposed by Jiang et al. [33], which can be described as follows by Eq. 2.6 – 
2.14: 
S1+S1a+CH3OH (g)
CH3O(1)
⇄
- CH3O(1)
CH3O
(1) + H()                 (2.6) 
S1+S1a+H2O (g)
OH(1)
⇄

- OH(1)
OH(1) + H()                    (2.7) 
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2S1a+H2 (g)
H(1a)
⇄

- H(1a)
2H(1a)                          (2.8) 
CH3O
(1)+S1a
CH2O(1)
⇄
- CH2O(1)
CH2O
(1) + H(1a)                    (2.9) 
CH3O
(1)+CH2O
(1)
C2H5O2
(1)
⇄

- C2H5O2
(1)
CH3OCH2O
(1) + S1               (2.10) 
CH3OCH2O
(1)+S1a
CH3OCHO(1)
⇄

- CH3OCHO
(1)
CH3OCHO
(1) + H(1a)             (2.11) 
CH3OCHO
(1)+OH(1)
HCOOH(1)
⇄

- HCOOH(1)
HCOOH(1) + CH3O
(1)             (2.12) 
HCOOH(1)+S1a
HCOO(1)
⇄

- HCOO(1)
HCOO(1) + H(1a)                  (2.13) 
HCOO(1)+S1a
CO2(1),
⇄

- CO2
(1),
H(1a) + CO2
(1)                    (2.14) 
 
The final rate expression for the MSR reaction is expressed by Eq. 2.15. Details of 
the derivation are reported elsewhere [26].  
( )
(1) 33 2 2
2 3
2
(1) (1)33 2
(1) (1 )2 2 2
2 2
* 3
1 11
2
* *
1
* *2
1 1
2 2
1
1 1 a
MSR CH OHCH O H CO T T
S S a a
MSR H O CH OHH
MSR
CH OHCH O H OOH
H CO HHCOO H
H H
k K p p p
C C S
k p pp
r
K p K p
K p p K p
p p
 
− 
 
 
=
 
 + + + +
 
 
  (2.15) 
Eq. 2.15 considers the adsorption equilibrium constants (K*i) for the intermediate spe-
cies (Eqs. 2.6 – 2.14), the MSR equilibrium constant (KMSR ) and the total catalyst surface 
concentrations of sites 1 ( 
 ) and 2 (
 ). The temperature dependence of the kinetic 
constant was calculated according to the Arrhenius equation (Eq. 2.5) and the tempera-
ture dependence of the adsorption equilibrium constants was calculated according to 
van’t Hoff equation (Eq. 2.16): 
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ln i
H SK
RT R
∆ ∆
= − +                              (2.16) 
where, ∆ and ∆ are the enthalpy and entropy of adsorption respectively. The model 
has a total of 10 parameters, including the activation energy and pre-exponential factor.  
 
2.3.3. Parameter estimation  
 
The parameters of the kinetic models (Eqs. 2.4 and 2.15) were obtained by non-
linear regression method [34, 35]. The experimental reaction rates were determined 
based on the first derivative of the polynomial equation used to fit the experimental 
methanol conversion as a function of space-time ratio (mcat/FMeOH); the parameters were 
then obtained minimizing the mean residual sum of the squares (MSRR) of the experi-
mental and model reaction rates. The power-law model has 6 parameters, including the 
activation energy and pre-exponential factor. According to the values reported in the 
literature [28-31], the apparent reactions orders were allowed to be any real number 
between -2 and 2 and the activation energy between 60 and 100 kJ·mol-1. The mecha-
nistic model has a total of 10 parameters or 20 when included the temperature depend-
ence, by Arrhenius and by van’t Hoff equations. Following the same strategy reported in 
literature [27, 28, 34], the number of parameters was reduced to 6 introducing an initial 
estimation of the heat of adsorption reported by Skrzypek et al. [29]. 
 
2.3.4. Simulator 
 
The packed bed reactor model was written and implemented using Fortran. The 
model considers the steady state mass balance equations for each species, the pressure 
drop, the MSR reaction rates and the respective boundary conditions. The model con-
siders the following simplifications: 
- isothermal behavior;  
- the gas mixtures follow the ideal gas law; 
- no diffusion limitations in the catalyst were considered;  
- axially dispersed plug ﬂow with pressure drop described by the Ergun equation, 
- negligible radial gradients and uniform cross-sectional void fraction. 
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Partial mass balance equation:  
( ) 0catii ax i MSRmpd d dup D P RT rdz dz dz P V
  
− − ν =   ε  
             (2.17) 
where u is the interstitial velocity, pi is the partial pressure of species i, Dax is the 
effective axial dispersion coefficient, P is to total pressure, mcat is catalyst mass, ε is po-
rosity of the catalyst bed, R is the gas constant, vi is the stoichiometry coefficient of spe-
cies i and rMSR is the MSR reaction rate.  
 
Total mass balance equation:  
( )d 0d
cat
i MSR
m
uP RT r
z V
− ν =
ε
                       (2.18) 
 
Pressure drop equation:  
( ) ( )2 2
2 2
pp
1-ε 1-7150
4ε
gasudP u
dz dd
ρ εµ
− = +
ε
                   (2.19) 
where, Dp is the catalyst diameter, µ is the gas viscosity and ρgas is the gas density.  
 
Boundary conditions 
At the reactor’s inlet (z = 0),  
inlet
,
ii inleti
ax
p ppdD u u u
dz P P
− 
= = 
 
                   (2.20) 
 
At the reactor’s outlet (z = l),  
0, outipd P P
dz P
 
= = 
 
                         (2.21)
 
 
The variables present in Eq. 2.17 – 2.21 were converted to dimensionless variables 
obtaining a new set of equations, which can be found elsewhere [36]. 
 
Numerical solution strategy 
To solve the partial differential equations and avoid the numerical instability, an 
additional time derivative term was added to their right-hand side, transforming the 
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equations into a pseudo-transient problem [36]. The equations were spatially discretized 
(50 elements) using the finite volumes method. High-resolution schemes (WACEB were 
used to calculate the partial pressures of the components [37]. The time integration was 
carried out using the numerical package developed at the Lawrence Livermore National 
Laboratory LSODA [38]. The equations were solved until a steady-state solution was 
reached. 
 
2.4. Experimental 
 
Catalyst synthesis and physicochemical characterization 
The CuO/ZnO/Ga2O3 catalyst (65/25/10 wt. %) was prepared by co-precipitation 
from a 1.1 M aqueous mixture of metal nitrates (Cu(NO3)2, Zn(NO3)2 and Ga(NO3)3), with 
dropwise addition (0.27-0.64 cm3∙min-1) of an aqueous solution of NH4HCO3 (1.3 M) un-
der vigorous stirring at fixed conditions of pH (6.5) and temperature (333 K). After 2 h of 
aging, the resulting precipitate was filtered and thoroughly washed with distilled hot 
water. The procedure was repeated for several times until the pH value of the filtrate 
reached the pH of the distilled water. The precipitate was then dried at 383 K overnight 
and calcined under static air as follows: from 25 K to 473 K (heating rate: 2 K∙min-1; dwell 
time: 1 h), from 473 K to 633 K (heating rate: 2 K∙min-1; dwell time: 1 h), and finally kept 
at 633 K for 8.5 h. 
The CuO/ZnO/Ga2O3 catalyst was characterized and evaluated using a variety of 
methods. The metal content (Cu) was determined from induced coupled plasma (ICP-
AES). The morphology and qualitative composition was assessed by scanning electron 
microscopy equipped with an energy dispersive x-ray high vacuum detector (SEM-EDX). 
The catalyst surface area was determined by Multi point Brunauer-Emmett-Teller (BET) 
performed on a Quantachrome Autosorb AS-1 instrument at 77 K. Prior to the analysis 
the samples were outgassed in vacuum at 473 K for 2 h. The pore size (mesoporosity) 
was calculated from the N2-physisorption isotherm using the Barrett-Joyner-Halenda 
(BJH) method. The porosity and bulk density were determined by mercury porosimetry 
on Quantachrome Poremaster using a maximum filling pressure of ca. 3500 bar. The 
structure of the catalyst was studied by X-ray powder diffraction (XRD). The XRD pattern 
of the selected samples was collected using a PANalytical X’Pert Pro operating in Bragg-
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Bretano focusing geometry and using Cu Kα radiation at wavelengths Cu Kα1 = 1.5406 Å 
and Cu Kα2 = 1.54443 Å. The data were collected at 2θ angles (20–80°). 
  
Effect of the particle size on the methanol conversion 
Commercial catalyst RP60 (CuO/ZnO/Al2O3) was used to evaluate the effect of the 
particle size on the methanol conversion. The catalyst pellets were milled and sieved 
into particle sizes of 50-150 µm, 100-250 µm, 250-400 µm, 400-600 µm, 600-1000 µm 
and pellets of 1.5 mm of diameter. The characterization procedure was the same as de-
scribed below, except that 1.5 g of catalyst was used instead of 0.5 g.  
 
Kinetic characterization  
A differential reactor was filled with 0.5 g of catalyst (in-house, RP60 and G66MR 
catalyst) with particle size ranging between 100-250 µm and mixed with 0.5 g of glass 
beads of the same diameter to achieve near isothermal conditions. The reactor length 
to catalyst diameter ratio was preserved higher than 50 (lreactor / dparticle > 50)) and the 
reactor diameter to catalyst diameter ratio was higher than 30 (dreactor / dparticle > 30) [39]. 
Glass wool was inserted in the top and bottom of the reactor to avoid the catalyst parti-
cles to be dragged by the stream. During the reduction process, the MSR catalysts lose 
mass and consequently reduce their volume; to avoid channelling the reactor was placed 
inside the oven in vertical orientation with the temperature being controlled inside the 
catalyst bed. The catalyst was reduced during 30 min with a mixture of hydrogen, 
10 cm3·min-1, and of nitrogen, 190 cm3·min-1, with a temperature ramp of ca. 5 K·min-1 
from 433 K to 478 K to avoid sintering the catalyst. The methanol conversion, hydrogen 
and CO production were accessed between 453 K and 523 K, mcat/FMeOH between 
30 kg·s·mol-1 and 550 kg·s·mol-1, operating pressure between 1-3 bar and steam-to-car-
bon ratio (S/C) of 1:1, 1:1.5, 1:2. The condensable components were removed from the 
reformate stream using a cold trap, while the non-condensable species concentrations, 
namely hydrogen and carbon dioxide, were determined using a mass spectrometer 
(Pfeiffer OmniStartm). The CO concentration was determined using a specific analyser 
(Signal Inst. 7000FM GFC). The performance of the three catalysts was accessed after 
the activation process (reduction) and after 80 h time-on-stream at 80 % methanol con-
version. 
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2.5. Results and Discussion 
 
2.5.1. Physicochemical characterization of the in-house catalyst 
 
The physicochemical properties of the in-house catalyst (CuO/ZnO/Ga2O3) were 
characterised using the following techniques: ICP-AES (catalyst composition), N2-phy-
sisorption (BET surface area), mercury porosimetry (porosity), SEM-EDX (structure) and 
XRD (crystallinity). The metal content (Cu) of the in-house catalyst obtained by ICP is 
shown in Table 2.1; the Cu content (51.4 wt. %) is close to the nominal content (52 wt. 
%), indicating that the preparation method was adequate. The highest catalytic activity 
reported in literature for this family of catalysts was achieved for a Cu atomic content of 
43 % [17, 18]. Increasing the Cu content by reducing the Ga content originates a negligi-
ble loss in catalytic activity [17], but represents an important reduction in the catalyst 
cost. Commercial CuO/ZnO/Al2O3 catalysts normally present a Cu atomic content of ca. 
65 wt. % [40]. The BET surface area of the CuO/ZnO/Ga2O3 catalyst was 55 m2·g-1, which 
is in line to the surface area obtained by Tong et al. [17] for its most active catalysts, but 
it is lower than the surface area of the of commercial catalyst G66MR, ca. 60 m2·g-1 [40]. 
The CuO/ZnO/Ga2O3 porosity and bulk density obtained by mercury porosimetry were 
0.54 and 0.44 kg·dm-3, respectively. The bulk density of the in-house is quite low; com-
mercial catalysts are typically pelletized at high pressures in the presence of binders, 
which increase significantly the density. This is the case of commercial catalyst G66MR, 
which shows a density of 1.1 kg·dm-3 according to the manufacture. 
 
Table 2.1 Cu content assessed by ICP-AES, BET surface area (sBET) and average pore size (dp) 
calculated from N2 physisorption. 
Sample 
Cu content 
(wt.%) 
sBET 
(m2∙g-1) 
dp 
(nm) 
Total 
Porosity 
Bulk Density 
(kg∙dm-3) 
In-house  51.4 55 19.3 0.54 0.44 
G66MR 65 [40] 60 [40] - - 1.1 
 
The structure of the CuO/ZnO/Ga2O3 catalyst, after calcination and reductive 
treatment with H2 was studied by XRD; the results are shown in Fig. 2.1. The XRD pat-
terns of the calcined CuO/ZnO/Ga2O3 sample exhibit the main lines of CuO (JCPDS file 
no. 48-1548) at 35.5° (11-1) and 38.7° (111) with some minor and broad reflections at 
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31.7° and 36.8° corresponding to (100) and (101) planes of ZnO (JCPDS file no. 36-1451). 
The XRD pattern (Fig. 2.1) of the reduced catalyst shows peaks at 43.5˚ Cu(111), 50.3˚ 
Cu(200) and 74.3˚ Cu(220) ascribed to Cu0 (JCPDS file no. 04-0836). As for the calcined 
sample, the peaks of ZnO are also observed. It is clear in the figure that after reduction 
the peaks became sharper and narrower, characteristic of a high crystallinity. XRD pat-
terns of the calcined and reduced CuZnGa catalysts in this study did not show any peak 
characteristic of crystalline Ga phases, suggesting that Ga particles are very small and 
highly dispersed. This was reported for CuZnGa catalysts with similar composition [41] 
and for Ga doped CuZn samples where the formation of a ZnGa2O4 phase appears to 
depend on the calcination temperature and sample composition [42]. The absence of Ga 
peaks suggests that Ga particles are very small and highly dispersed. SEM-EDS results 
(Fig. 2.2) show Cu, Zn and elements homogeneously distributed on the catalysts surface.  
 
 
Fig. 2.1 XRD patterns of the CuO/ZnO/Ga2O3 sample after calcination in air at 633 K for 8.5 h 
(CuO/ZnO/Ga2O3-calcined) and reduced in H2 at 478 K for 30 min (CuO/ZnO/Ga2O3-reduced). 
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Fig. 2.2 SEM image (a) and EDS results (b) of the CuO/ZnO/Ga2O3 catalyst. 
 
2.5.2. Catalyst particle size effect, diffusion limitations 
 
It is well known that the mass transport of reagents from the bulk to the catalyst 
active sites may play an important effect on the rate of the reaction [43]. To compare 
catalysts and obtain the correct kinetic rate parameters, the size of the catalyst particles 
was reduced to a size were the diffusion control limitations were virtually eliminated. 
Small amounts of the in-house catalyst were produced in each batch, therefore to per-
form this experiments the commercial RP60 catalyst was used, since a large quantity of 
Element Weight (%) 
Cu 62.52 
Zn 28.68 
Ga 8.80 
a) 
b) 
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catalyst was required. Fig. 2.3 shows the methanol conversion as a function of space-
time ratio for different catalyst particle sizes at 453, 473 and 493 K using a RP60 catalyst.  
 
 
Fig. 2.3 Catalyst (RP60) particle size effect on the methanol conversion at 453 K (a), 473 K (b) and 
493 K (c), P = 1 bar, and S/C = 1.5. 0-100 µm (○); 100-250 µm (●); 250-400 µm (▲); 400-600 µm 
(♦); 600-1000 µm (■); pellets (x). 
 
At temperature of 453 K, the effect of the particle size on the methanol conversion 
is negligible, gaining only importance for space-time ratios higher than 300 kg·s·mol-1, 
when small particle sizes show high methanol conversions. For sizes smaller than 
100 µm, it is observed an inversion of this trend; very small particle sizes (powders) orig-
inate flow channelling that decreases the methanol conversion. Particle sizes between 
100 µm and 250 µm show high methanol conversions for all tested space-time ratios and 
temperatures. The kinetics of the reaction at low space-time ratios and low temperature 
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is rate limited, moving for diffusional control as the temperature and/or space-time ratio 
increases [43]; in the case of small particle sizes, the diffusional control occurs at higher 
temperatures and higher space-time ratios when compared to larger catalyst particles. 
Lee et al. [28] observed no intraparticle diffusion limitations at temperatures below 473 
K for particle size ranging between 300 µm - 400 µm using a commercial catalyst, and 
Agrell et al. [44] concluded that only at temperatures above 493 K diffusion limitations 
are observed for a particle size between 120 µm and 250 µm. The smaller catalyst parti-
cles originate higher methanol conversions, however for large reformers the use of small 
particles is not recommended due the high pressure drop in the catalyst bed, but for 
small reactor this issue is not a limitation. 
 
2.5.3. Performance of the In-house and commercial catalysts  
 
The reduction of the catalysts (activation process) is an exothermic process that 
influences the catalyst ability to perform the methanol steam reforming reaction. The 
catalyst reduction with hydrogen at high temperatures such as 513 K is a very fast pro-
cess that may sinter the catalyst due to the heat released in the process. Small particles 
of catalyst are more prone of sintering than pellets; therefore, the reduction process was 
performed using hydrogen diluted with nitrogen (1:19 v/v) at low temperatures (< 
478 K). Fig. 2.4 shows the methanol conversion as a function of the space-time ratio im-
mediately after activation for the in-house catalyst (CuO/ZnO/Ga2O3) and commercial 
catalysts G66MR and RP-60 (CuO/ZnO/Al2O3). The two commercial catalysts present sim-
ilar performances at 453 K, while the in-house catalyst shows clearly a higher perfor-
mance. The methodology reported in the literature to compare catalyst activities is not 
consensual [17, 23]; in this study, the activity was compared based on the space-time 
ratio required to achieve 50 % of methanol conversion. The in-house catalyst presents 
between 2.2 and 2.3 times higher activity than G66MR and RP-60, since it achieves 50 % 
of methanol conversion at a mcat/FMeoH of ca. 60 kg·s·mol-1, while the commercial cata-
lysts achieve the same methanol conversion at 130-140 kg·s·mol-1.  
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Fig. 2.4 Methanol conversion as function of the space-time ratio, for the in-house, G66MR and 
RP-60 catalysts, at 453 K, P = 1 bar, S/C = 1.5 and particle size of 100-250 µm. 
 
The CuO/ZnO/Ga2O3 exhibited a catalytic activity similar to the one reported in 
literature for this catalyst family [17-19]. Using a CuO/ZnO/Gax with an atomic content 
of 48.7 % of Cu, 31.3% of Zn and 20 % of Ga, Tong et al. [17] reported a methanol con-
version of 33 % at 468 K and mcat/FMeoH of 18 kg·s·mol-1m, while in this work the conver-
sion for the same operating conditions was 37 %. Lotric et al. [19] using a CuZnGaOx 
catalyst with the molar ratio of 5:3:2 (Cu:Zn:Ga) reported 80 % of methanol conversion 
at 453 K and mcat/FMeoH of 150 kg·s·mol-1; similar conversion is depicted in Fig. 2.4 for the 
same space-time ratio. 
Fig. 2.5 shows the methanol conversion as a function of the temperature for the 
three catalysts. The in-house catalyst shows a higher performance than the commercial 
ones at low temperature; at 443 K, the in-house catalyst has a methanol conversion of 
ca. 22 %, while the commercial catalyst has less than 9 %. Above 493 K, all the catalysts 
show similar methanol conversions. This similar performance may be attributed to the 
reduction of the active area due to sintering of the small Cu nanoparticles leading to an 
irreversible performance loss.  
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Fig. 2.5 Methanol conversion as function of temperature for the in-house, G66MR and RP-60 
catalysts, at mcat/FMeOH =30 kg·s·mol-1, P = 1 bar, S/C = 1.5 and particle size of 100-250 µm. 
  
The CO content at 453 K is low for all the tested catalysts reaching a maximum of 
ca. 2000 ppm, when all methanol is converted (Fig. 2.6). At this operating temperature, 
the carbon monoxide production comes almost exclusively from the RWGS. Therefore, 
the CO concentration increases with the hydrogen and carbon dioxide partial pressures 
that increase with the space-time ratio (mcat/FMeOH). It is also clear from Fig. 2.6, that the 
in-house catalyst does not promote the CO production; e.g. at 80 % of methanol conver-
sion the CO content in the reformate stream is ca. 600 ppm, while the commercial cata-
lysts have a CO content of ca. 1700 ppm. For HT-PEMFC applications, which is the goal 
of this work, the CO tolerance is up 30 000 ppm [3], therefore the methanol conversion 
at low temperatures is more critical than the CO production. On the other hand, for au-
tomotive application using low-temperature PEMFC the CO content in hydrogen stream 
should be less than 0.2 ppm, according to ISO/TS 14687-2 [45], which requires, inde-
pendently of the catalyst performance, a hydrogen purification step.  
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Fig. 2.6 CO production as function of methanol conversion for the in-house, G66MR and RP-60 
catalysts, at 453 K, P = 1 bar, S/C = 1.5 and particle size of 100-250 µm. 
 
The effect of the total operating pressure on the methanol conversion was ad-
dressed, as depicted in Fig. 2.7. The decrease of the methanol conversion with the total 
pressure increase is noticeable for all studied temperatures and space-time ratios. In 
fact, the principle of Le Chatelier states that with a total pressure increase, the side of 
the equilibrium with smaller number of moles is more favourable. The kinetic model de-
veloped by Peppley et al. [26] for the methanol steam reforming (MSR) using a 
CuO/ZnO/Al2O3 catalyst (BASF K3-110) also predicts that increasing pressure would fa-
vour the reverse reaction, leading to a decrease of the overall reaction rate. No signifi-
cant benefit is disclosed of operating at high pressure, except when reformate is directly 
fed to a high temperature polymer electrolyte membrane fuel cell (HT-PEMFC). Waller 
et al. [46] concluded that the performance losses in the fuel cell due to the anode feed 
dilution could be overcome through increasing the operating pressure and/or tempera-
ture within reasonable limits. 
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 Fig. 2.7 Methanol conversion as a function of pressure using RP60 catalyst, at 453 K,                
mcat/FMeOH = 300 kg·s·mol-1, S/C = 1.5 and particle size of 100-250 µm. 
 
The steam-to-carbon ratio can influence the methanol conversion, but also repre-
sents an energy cost due to water vaporization. Fig. 2.8 shows the methanol conversion 
as a function of the steam-to-carbon ratio, at 453 K. An increase of the methanol con-
version is observed when the steam-to-carbon ratio varies from 1 to 2 while a further 
increase has no significant effect. Considering the energy costs of water vaporization in 
a HT-PEMFC integrated with a reformer, steam-to-carbon ratios above 2 are questiona-
ble. 
 
Fig. 2.8 Methanol conversion as a function of steam-to-carbon ratio using RP60 catalyst at 453 K, 
mcat/FMeOH =300 kg·s·mol-1, P = 1 bar and particle size of 100-250 µm. 
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The catalytic activity decreases after a few hours of operation levelling out after-
wards; it is therefore important to access the catalysts deactivation and the catalysts 
performance at the steady state. Starting with the same methanol conversion for the 
tested catalysts, ca. 80% (space-time ratio of 300 kg·s·mol-1 for commercial catalysts and 
150 kg·s·mol-1 for the in-house catalyst) the reaction was left running during ca. 80 h 
(time-on-stream) at 453 K (Fig. 2.9).  
 
 
Fig. 2.9 Conversion as a function of the time for in-house (mcat/FMeOH =150 kg·s·mol-1), G66MR 
and RP-60 catalysts, at 453 K, P = 1 bar, S/C = 1.5 and particle size of 100-250 µm. mcat/FMeOH 
=150 kg·s·mol-1 for commercial catalysts and mcat/FMeOH=150 kg·s·mol-1 for the in-house catalyst. 
 
The commercial catalyst RP60 shows to be the most stable catalyst with a conver-
sion loss of six percentage points, while the in-house catalyst shows ca. twenty percent-
age points of conversion loss. Again, this higher conversion loss of the in-house catalyst 
should be assigned to the agglomeration of the very small copper clusters (sintering), 
which reduces the active surface area, and due to partial oxidation of the cooper parti-
cles [47]. In addition, the noticeable fragmentation of the fragile catalyst particles inside 
the reactor may cause flow channelling and then loss of conversion. Fig. 2.10 shows the 
methanol conversion as a function of the space-time ratio at 453 K for the different cat-
alysts after 80 h of operation. Despite a considerable loss in performance, the in-house 
catalyst still shows higher performance than the commercial catalysts. The 
CuO/ZnO/Ga2O3 achieves 50 % of methanol conversion at a space-time ratio of ca. 
95 kg·s·mol-1, while the commercial catalysts reach this methanol conversion value at ca. 
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160 kg·s·mol-1. These results indicate an in-house catalyst activity 1.7 times higher than 
the commercial catalysts. After 80 h of operation, both commercial catalysts present 
equal performance in all the tested range of temperatures and space-time ratios.    
 
 
Fig. 2.10 Methanol conversion as function of the space-time ratio, for in-house, G66MR and RP-
60 catalysts, at 453 K, P = 1 bar, S/C = 1.5 and particle size of 100-250 µm. 
 
2.5.4. Kinetic models, in-house catalyst 
 
For the commercial catalysts such as RP60 or G66MR several mechanistic and em-
pirical kinetic models can be found in literature [27, 34]. However, only Lotric et al. [19] 
presented a power-law empirical relation to describe the reaction kinetics of the MSR 
reaction over the catalyst CuO/ZnO/Ga2O3. Moreover, that model [19] was developed 
considering the initial activity of the catalyst, neglecting the deactivation observed for 
this type of catalyst. The estimated parameters for the power-law and mechanistic mod-
els were obtained after stabilization of the catalytic activity of the in-house catalyst and 
are reported in Table 2.2.  
The goodness of the fitting was assessed using parity plots and the models predic-
tions were compared with the experimental data. As previously mentioned, the varia-
bles present in Eq. 2.17 – 2.21 were converted to dimensionless variables, where the 
effective axial dispersion coefficient (Dax) was replaced by the dimensionless Peclet num-
ber. According to the literature, for the operating conditions considered in this work, the 
0
20
40
60
80
100
0 50 100 150 200 250 300
C
o
n
ve
rs
io
n
  (
%
)
mcat/FMeOH (kg·s·mol
-1)
In-house
RP60
G66MR
A NOVEL CATALYST FOR LOW TEMPERATURE MSR REACTION 
 
65 
 
Peclet number should assume a large value (>100), since the axial dispersion in the re-
actor channel is negligible and the flow in the channel is close to plug flow [34,35].The 
parameter and operating conditions used for the simulations are presented in Table 2.3.  
 
Table 2.2 Estimated parameters for the power-law and mechanistic model. 
 
Table 2.3 Parameter used in the simulation. 
Property Value 
Bulk density (kg·m-3) 0.44 
Porosity 0.54 
Particle size (µm) 100 – 250 
Temperature (K) 453 – 493 
S/C 1.5 
Pressure (bar) 1 
 
The calculated and experimental reaction rates using the power-law model pre-
sent a good fitting, as shown in the parity plot (Fig. 2.11a), with a MRSS = 2.8x10-6. The 
simulation results using the power-law model, despite its simplicity, shows a good agree-
ment with the experimental data for the studied conditions, as depicted in Fig. 2.11b; 
the maximum relative difference between experimental and simulated results is less 
than 8 % (at 493 K) and the coefficient of determination (R2) is > 0.97. The obtained 
power-law model assumes a zero order apparent reaction for hydrogen and carbon di-
oxide (Table 2.2). Several authors also reported in the literature apparent reaction of 
Parameter Power-law model Mechanistic model 
k0 8.51x108 mol·kg-1·s·bar-1.72 7.1x1010 mol·kg-1·s-1 
Ea  90.8 kJ·mol-1 103.2  kJ·mol-1 
a 0.37 - 
b 1.35 - 
c 0 - 
d 0 - 
∆H0298, CH3O(1) - -18.8 kJ·mol-1 
∆S0298, CH3O(1) - -55.4 J·mol-1·K-1 
∆H0298, OH(1) - -17.3 kJ·mol-1 
∆S0298, OH(1) - -43.8 J·mol-1·K-1 
∆H0298, H(1a)  - -57.4 kJ·mol-1 
∆S0298, H(1a)  - -154.2 J·mol-1·K-1 
∆H0298, HCOO(1)  - 128.3 kJ·mol-1 
∆S0298, HCOO(1)   - 84.6 J·mol-1·K-1 
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zero order for hydrogen and carbon dioxide using power-law models to predict the 
methanol conversion of different in-house and commercial catalysts [19, 34, 40]. How-
ever, it is well-known that the partial pressures of hydrogen and carbon dioxide affect 
the MSR reaction rate [26-28]. This inability to describe correctly the reaction rates high-
lights the limitations of power-law models and emphasizes the need of mechanistic mod-
els.  
 
Fig. 2.11 Parity plot of the experimental and calculated methanol consumption rate using the 
power-law model (a) and the mechanistic model (c). Experimental (symbols) and simulated (lines) 
results of methanol conversion as a function of space-time ratio and for different temperatures, 
using the power-law model (b) and mechanistic model (d).  
 
The mechanistic model also displays a good fitting between the calculated and experi-
mental reaction rates (Fig. 2.11c) with a MRSS = 3.2x10-6. In general, the obtained pa-
rameters are similar to those reported in literature for the same mechanistic model [26, 
34]. The main difference is related to the MSR reaction rate (kMSR); Peppley et al. [26] 
reported for the commercial catalyst BASF K3-110 almost the same value for the activa-
tion energy, ca.103 kJ·mol-1 vs 103.2 kJ·mol-1 in this work, but a lower k0, ca. 
8x109 mol·kg-1·s-1 vs 7.1x1010 mol·kg-1·s-1 in this work. Silva et al. [40] reported for the 
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commercial catalyst G66MR a MSR reaction rate of 0.025 mol·kg-1·s-1 at 453 K, while in 
this work and for the same temperature the MSR reaction rate obtained was 0.090 
mol·kg-1·s-1. Fig. 2.11d shows the simulator predictions using the mechanistic model and 
experimental results for the methanol conversion. A good agreement to the experi-
mental data for the studied conditions is observed; the maximum relative difference be-
tween experimental and simulated results is less than 10 % and the coefficient of deter-
mination (R2) is > 0.97. Both models show high accuracy and can be used for scaling, 
design and optimize reformers for the HT-PEMFC applications.  
 
2.6. Conclusions 
 
A highly active CuO/ZnO/Ga2O3 was synthesized by co-precipitation method. The 
developed catalyst was characterized concerning morphology, structure and composi-
tion. The physicochemical study conducted over the in-house CuO/ZnO/Ga2O3 indicates 
that the preparation method was adequate for providing very small and highly dispersed 
copper particles. The performance of the developed catalyst was compared to two com-
mercial CuO/ZnO/Al2O3 catalysts, BASF RP60 and Süd-Chemie G66MR, using a tubular 
MSR reactor. Catalyst particles size ranging between 100 and 250 µm were found to 
maximize the methanol conversion. Increasing the operating pressure above 1 bar was 
found to be detrimental for the methanol conversion and no significant gain is observed 
for values of steam-to-carbon ratio above 2. In-house CuO/ZnO/Ga2O3 catalyst immedi-
ately after the activation shows a methanol conversion of ca. 2.2 times higher than BASF 
RP60 and Süd-Chemie G66MR, levelling out to ca. 1.7 times after 80 h of time-on-stream. 
The two kinetic models, a power-law and mechanistic, were used to describe the meth-
anol steam reforming reaction over a novel in-house catalyst. After proper parameter 
estimation, the two models were validated using a packed bed reactor simulator, show-
ing for both cases a good agreement between the predicted and experimental methanol 
conversions. 
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Designing a methanol steam reformer 
 
 
 
 
3.1. Abstract 
 
Three reformers with different designs (multi-channel, radial and tubular) were 
developed for thermal integration with a high temperature polymeric electrolyte mem-
brane fuel cell (HT-PEMFC). They were characterized experimentally at temperatures 
between 443 K and 473 K, using the commercial catalyst G66 MR from Süd-Chemie 
(CuO/ZnO/Al2O3). The reactors were modelled and simulated using a computational fluid 
dynamics (CFD) analysis. The models were validated using experimental data. The results 
showed that the multi-channel design is the best solution for thermal integration with a 
HT-PEMFC, presenting high methanol conversion and low pressure drop. Regarding the 
heat transfer ability, the multi-channel showed also the best performance, presenting 
the lowest temperature sink among the studied reformers. The low flow velocities and 
the absence of metallic surfaces in the radial reformer had detrimental effect on the 
heat transfer. Concerning the flow distribution, a coefficient of variation of 0.6 % was 
observed in the multi-channel reformer. A quasi plug flow behavior was found in the 
tubular and a multi-channel (channels region only) reformer, while in the radial a not 
fully developed laminar flow was found.  At temperatures lower than 473 K was found 
that the reformate stream did not require further purification to be fed to a HT-PEMFC 
due to the low CO concentration (<1600 ppm). The advantages and limitations of each 
design is discussed based on experimental data and CFD modeling. 
____________________________ 
The content of this chapter is adapted from,  P. Ribeirinha, M. Boaventura, J. C. Lopes, J. Sousa, 
A. Mendes, Study of Different Designs of Methanol Steam Reformers: Experiment and Modelling, 
International Journal of Hydrogen Energy 39(35) (2014) 19970–19981.   
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3.2. Introduction 
 
Polymer electrolyte membrane fuel cells (PEMFC) are compact electrochemical 
devices that convert chemical into electrical energy in an efficient way. They require high 
purity hydrogen as a feeding fuel, especially with very low carbon monoxide content. 
Hydrogen, however, has a very low volume energy density and shows limitations regard-
ing storage and transportation. To overcome these challenges, in-situ hydrogen produc-
tion from fuels such as methane, methanol or ethanol is being considered. Methanol 
under standard conditions has a much higher volume energy density (1.8x104 kJ·dm-3 
[1]) than hydrogen (13 kJ·dm-3 [1]) and it is easier to handle, store and particularly due 
to absence of C-C bonds has a low reforming temperature (513 K – 533 K).  
The integration of in-situ hydrogen production by methanol steam reforming 
(MSR) with HT-PEMFC is already used in power supplies manufactured by few companies 
such as Ultracell [2], AixCellSys [3] and Serenergy [4]. In most cases, as the power sup-
plies developed by the previous companies, the MSR reactor operates as a standalone 
device (external reforming) [5]. It presents the advantage of not being restricted to the 
fuel cell stack configuration, allowing different arrangements reformer/fuel cell and 
higher operation temperature. As a drawback, external reforming does not take the ad-
vantage of the heat released in the electrochemical reaction for the reforming reaction. 
 
Advantages of internal reforming 
A fuel cell is an exothermic device that wastes ca. 50 % of the input chemical en-
ergy while MSR reaction is endothermic. The integration of a cellular methanol steam-
reforming reactor (MSR-C) intercalated with a PEMFC in a stack arrangement, in order 
to take advantage of this synergetic effect, should be a very advantageous approach. 
However, fuel cells operate typically at around 363 K (LT-PEMFC) or 433 K (HT-PEMFC), 
and a MSR operates at 523 K. Due to this operating temperature mismatching, many 
authors have chosen to study the two systems in a separated way. But, if the operation 
temperature of the FC (HT-PEMFC) is increased and the operating temperature of the 
MSR [6, 7] is decreased, internal integration would be possible. The two systems should 
operate at temperatures ca. 453 K, but for this arrangement a more active catalyst is 
required. At 453 K, the conversion of the commercial catalyst CuO/ZnO/Al2O3 for a 
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mcat/FMeOH of 30 kg·s·mol-1 is around 13 % [8]. To obtain an acceptable methanol conver-
sion (>95 %) at this temperature, larger amounts of catalyst are required. 
The thermal integration of MSR/HT-PEMFC considering internal reforming was 
first investigated by Pan et al. [6], who studied the performance of a two-cell stack (HT-
PEMFC) coupled with a reformer operating at temperatures between 453 K and 473 K. 
However, the heat required to carry out the MSR reaction was not coming exclusively 
from the electrochemical reaction, but also from electrical heaters. Avgouropoulos et al. 
[7, 9] proposed a direct internal reforming setup, coupling the electrochemical reactions 
and the MSR reaction at the FC anode chamber. The reaction was carried out between 
473 K and 483 K using a PEM from ADVENT TPS, and a CuMnOx reforming catalyst. This 
application allowed a continuous electrochemical hydrogen removal from the reforming 
reaction, enhancing the methanol conversion. However, the membranes showed to be 
intolerant to the high methanol concentrations, resulting in low power output [9]. The 
thermal integration of a MSR-C with a FC in a stack arrangement relies on the catalyst 
activity at low temperatures; nevertheless, a new generation of catalysts for low tem-
perature methanol steam reforming (LT-MSR) is expected to overcome this issue [10]. 
 
Design of the Reformers 
To achieve an efficient integration of MSR/HT-PEMFC, the reformer must be opti-
mized to maximize the heat transfer with a uniform flow distribution and low pressure 
drop. Typically, the MSR reaction is carried out in a tubular packed bed reactor, due to 
its simplicity and low cost. However, well-structured flat micro or mini reactors are more 
suitable and present advantages, such as higher surface-to-volume ratio, better heat and 
mass transfer properties and flow patterns that fit with the reaction needs [11]. Most 
studies describing well-structured flat reactors for MSR reaction have flow fields based 
on single channel design or based on a series of parallel channels, as discussed below. 
Different reformer designs, such as coil-shaped or serpentine-shaped, can be ob-
tained from a single channel design. The performance of single channel reactors lays 
between plug flow and laminar reactors [12]. This type of design improves significantly 
the mixing, reaction and heat-transfer rates [13-15]. 
Compared to other designs, single channel designs show even flow distributions 
and higher flow velocities, which reduces the stagnant film adjacent to the channel walls 
and improves the heat-transfer rates [13-16]. High reaction rates are also observed in 
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this designs which lead higher conversions. Despite the advantages, single channel de-
signs impose a significant pressure drop penalty that may be a limitation for compact 
applications [14]. 
Reformers with parallel channels have been intensively reported in literature [17, 
18, 19]. Based on parallel channels, several other designs can be obtained, such as wavy, 
pinhole and oblique-fin [14]. They are relatively easy to manufacture, show high conver-
sions and low-pressure drop. However, parallel channels designs are more prone to un-
even flow distributions. By adjusting the channels width [18] or by imposing a consider-
able pressure drop at the entrance of the channels the flow distribution can be opti-
mized. In fixed bed reactors, depending on the specific design of the reactor, the pres-
sure drop generated on the catalyst bed can be sufficient to obtain even flow distribu-
tions. Rebrov et al. [19] defined the guidelines to improve the heat distribution on par-
allel multi-channel reactors that includes adjusting the thickness of the channel walls 
and using a non-uniform coolant flow.  
The radial design is not very common for MSR applications despite presenting in-
teresting features, such as large mean cross-sectional area and short flow travel distance 
compared to single channel reactors, resulting in low pressure drop. In a single channel 
reformer, the flow velocity increases due to the pressure difference between the inlet 
and the outlet and also due to an increase on the molar flow rate, according to the MSR 
reaction stoichiometry. In the radial design, however, the flow velocity decreases as it 
moves towards the outlet, when the reactor is fed from the center to the periphery, due 
to an increase of the cross-sectional area. For a diffusion-limited reaction, a large varia-
tion of surface velocity is detrimental for the conversion of the reactor [20, 21]. In the 
present work, three cellular reformers with different designs (multi-channel, radial and 
tubular packed bed reactors) were manufactured and analyzed, either experimentally or 
by CFD in what concerns their performance for the MSR. 
 
3.3. Experimental 
 
The cellular reformers were designed to be sandwiched with HT-PEMFC in a stack 
arrangement. Heat and mass transport, pressure drop, flow-pattern and reactor volume 
were aspects taken into account since they affect the reformer performance [11]. The 
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previous aspects are all important, but the reformer size is critical due to practical rea-
sons, which depends directly on the catalyst activity.  
Three stainless steel packed bed reformers were manufactured with different de-
signs, namely multi-channel, radial and tubular. They were based on the best available 
literature information; though new features were introduced in order to improve their 
performance (Fig. 3.1). Although stainless steel 316 is not as good as aluminum in terms 
of thermal conductivity, it presents better chemical stability towards methanol.  
 
 
Fig. 3.1 Manufactured reactors: a) Multi-channel reformer, top and section view; b) Radial re-
former; c) Tubular reformer. i) slit; ii) distributor; iii) metal sintered ring for feed distribution;  
 
The multi-channel reformer (Fig 3.1a) was designed to match a 25 cm2 HT-PEMFC 
area, with outer dimensions of 95 mm x 95 mm x 10 mm. The reformer has 21 channels 
with 51 mm of length and 2 mm of width. The channels depths gradually increase to-
wards the central part of the cell, from 4 mm to 6 mm. The inlet and outlet holes were 
drilled under the catalyst bed and act as distributors. They connect with the catalyst bed 
through a slit on the top. A stainless steel mesh (ca. 200 mesh) was used to cover the 
slits in order to avoid dragging the catalyst out from the bed. Two holes with different 
depths were made under the catalyst bed to insert thermocouples at different axial po-
sitions. The radial reformer (Fig. 3.1b) was also designed to match a 25 cm2 HT-PEMFC 
and the outer dimensions are 95 mm x 95 mm x 8 mm. To hold the catalyst in place, a 
sintered ring was used, with inner diameter of 59 mm, thickness of 2 mm and height of 
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5 mm. The sintered ring creates also a small pressure drop which benefits the flow dis-
tribution. Next to the sintered ring a small channel collects the reformate stream and 
directs it to the outlet. The tubular reformer (Fig. 3.1c) was used as reference and it has 
325 mm of length, 7 mm of internal diameter and 10 mm of external diameter.  
The reactors performance was assessed using commercial catalyst G66 MR from 
Süd-Chemie (CuO/ZnO/Al2O3). The reformers were filled with 15.5 g of commercial cat-
alyst, closed and placed inside an oven with controlled temperature. The catalyst was 
reduced in situ during 3 hours with 50 cm3·min-1 of hydrogen, at 443 K. The reduction 
reaction was performed at low temperature to avoid the catalyst sintering. The reform-
ing reaction was carried out between 453 K and 513 K and at space time values 
(mcat/FMeOH) between 50 kg·s·mol-1 and 1500 kg·s·mol-1. The water/methanol mixture 
was pumped using an HPLC pump (LaPrep P130). The value of the molar steam to carbon 
ratio (S/C) was 1.5, since it is considered a good compromise to maximize the methanol 
conversion without wasting much energy in water evaporation [6].  
The water/methanol mixture was evaporated using a serpentine placed inside the 
oven with forced air circulation. The phase transition of the water/methanol mixture 
creates strong flow fluctuations. In order to minimize that effect, the operating pressure 
was adjusted to 1.5 bar using a relief valve placed after the reformer.  
The reformate stream was passed through a cold trap to remove the condensable 
components; the flow of the non-condensable species was measured using a mass flow 
meter (Bronkhorst); hydrogen and carbon dioxide concentration was determined by 
mass spectrometry (Pfeiffer OmniStartm) and CO using a specific analyzer (Signal Inst. 
7000FM GFC). To determine the pressure drop in the reformers, the pressure was meas-
ured at the inlet using a nitrogen flow of 100 cm3·min-1 at 453 K. The effect of the pres-
sure drop on the methanol conversion was also assessed at different operating pressures 
(1 bar to 3 bar). 
 
3.4. CFD Modeling  
 
The experimental evaluation of reactors concerning heat profiles and flow distri-
bution is a very difficult and time consuming process. CFD techniques are non-intrusive 
tools that provide a good agreement between numeric and experimental results. There-
fore, a CFD analysis was carried out using commercial software Fluent, from Ansys™. The 
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reformers (Fig. 3.1) were modelled using a three-dimension approach and validated with 
the data collected from the experimental runs. 
 
3.4.1. Mathematical model 
 
The model proposed in this study was based on assumptions as described next. 
The model was considered in steady-state. In the temperatures range considered, all the 
reaction species were in gas phase, behaving as ideal gases. In the operating conditions, 
the fluid flow was assumed laminar and Newtonian. The catalyst bed porosity was con-
sidered homogeneous, with uniform particles size and isotropic. No diffusion limitations 
in the catalyst were considered. Regarding the heat transfer in the reformer, both con-
duction and convection mechanisms were considered. Due to the good thermal conduc-
tivity of the SS316, no temperature gradients were assumed in the metal envelop of the 
reformers. The methanol steam reforming reaction was assumed as taking place only in 
the catalyst bed. The catalyst properties used in the simulations are given in Table 3.1.  
 
Table 3.1 Physical characteristics of Süd-Chemie G66MR catalyst [22]. 
Property Value 
Density (ρcatalyst / kg·m-3) 1.1 
Porosity (ε) 0.38 
Particle size (Dp,  µm) 100 – 250 
Thermal conductivity (λ, W·m-1·K-1) 0.30 
 
Boundary conditions 
The boundary conditions considered for the reformer model are as follows: 
- At the inlet, the flow velocity, gas composition and temperature were con-
sidered constant and equal to a specified value ;  
- At the outlet, the pressure was considered to be 1.5 bar, gradients of tem-
perature and species mass fraction are equal to zero; 
- At the wall, the temperature was considered constant and the flow obeys to 
the no slip condition.   
 
In order to analyse the effect of the mesh on the numerical results, several runs 
were performed. The mesh considered in the simulations gives a methanol conversion 
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with a maximum difference of 0.05 % relatively to the value obtained using a mesh with 
the double of nodes. The meshes considered for the multi-channel, radial and tubular 
models have a number of nodes of 5.9x105, 2.9x105 and 2.1x105, respectively.  
The mass, energy and momentum equations for the reaction species are de-
scribed in the following: 
 
Continuity Equation 
0uρ∇ =

                                  (3.1)
 
 
Eq. 3.1 is the mass conservation equation, where ρ is the fluid density (kg·m-3),  !" is the 
fluid velocity vector (m·s-1) and ∇ is the gradient.  
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(3.2)
 
Eq. 3.2 is the conservation momentum equation and is known as the Navier-Stokes equa-
tion, in an inertial reference frame. The left member is the convective acceleration and 
represents the fluid particles acceleration with space. ∇P is the pressure (Pa) gradient 
and is the isotropic part of Cauchy stress tensor; ∇τ is the anisotropic part of the stress 
tensor and describes the viscous forces, where µ represents the viscosity (kg·m-1·s-1) and 
I is the unit tensor or identity matrix; S is the source term and represents the external 
body forces. In this model, the source term is the pressure gradient (drop) in a porous 
media and is composed by viscous losses (first term) and inertia losses (second term), 
where Dp is particle diameter (m) and ε is the media porosity. 
 
Mass Balance 
,
,i i i i M S R i i i T i
T
u J M r J D D
T
ρ ω ν ρ ω ∇∇ = ∇ + = ∇ +

            
(3.3)
 
To calculate the local mass fraction of the species i, $i, it was used a convection-diffusion 
equation (Eq. 3.3). Ji is the mass diffusion flux of the species i (kg·m-2· s-1) and is composed 
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by a mass diffusion term described by the Fick’s law (being Di the mass diffusion coeffi-
cient) and a thermal diffusion term, known as Soret effect (being DT,i the thermal diffu-
sion coefficient). The second term on the right side is the mass flux of species i due to 
the chemical reaction, where Mi is the molar mass of species I (kg·kmol-1), νi is the stoi-
chiometric coefficient of species i in MSR reaction and rMSR is the reaction rate 
(kmol·m-3·s-1). 
  
Energy Balance 
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(3.4)
 
Eq. 3.4 represents the conservation of energy. The left member is the total energy flux, 
where H0 is the total enthalpy. In the right side, the first three terms are the energy flux 
by conduction, diffusive flux and by viscous forces, respectively. Keff is the effective ther-
mal conductivity, which takes into account the thermal conductivity in the solid phases 
and gas phase (W·m-1·K-1) and T is the temperature (K). The fourth member is the pres-
sure work. SH is the source term and represents the heat flux due to the chemical reac-
tion, where Cp is the specific heat capacity (J·kg-1·K-1) 
 
3.4.2. Kinetic model 
 
In this work, a power law kinetic model was used, as presented in Eq. 3.5. These 
kinetic models are mechanistic derived, but they are simple and have been successfully 
used to fit experimental data in the literature [23-24].  
The kinetic model used in this study only considers the MSR reaction; WGS and 
MD reactions were not considered due to their very low reaction rates at temperatures 
below 473 K [24]. This assumption is also supported by the very low CO concentrations 
measured in the reformate stream (Fig. 3.4), which showed to be never higher than 
0.15 %. The negative exponents on H2 and CO2 concentrations in Eq. 3.5 are related to 
the reversibility of the MSR reaction: 
0.28 0.09
3 2 2 2
0.56 0.07
0 CH OH H O H CO
−
−
−
− =
aE
RTr k e C C C C
                   
(3.5)
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where, -r is the reaction rate of the methanol steam reforming reaction (kg.m-3.s-1), k0, is 
the Arrhenius pre-exponential factor (6.3x107 kmol0.32·m-0.96·s-1) and Ea is the activation 
energy (80x106 J·kmol-1). The kinetic parameters were estimated based on the experi-
mental results obtained with the tubular reactor. The parameters estimation was carried 
using the differential method by fitting a non-linear regression to the conversion vs. 
mcat/FMeOH experimental data and minimizing the sum of residual squares.  
 
3.5. Results and discussion 
 
3.5.1. Model validation  
 
Fig. 3.2 shows the experimental and simulated methanol conversion and hydro-
gen production over different space-time values at 453 K, 463 K and 473 for the three 
reformers. The simulation results using the kinetic model (Eq. 3.5) present a good agree-
ment with the experimental data for the studied conditions, as shown in the parity plot 
(Fig. 3.3). The reformers performance presents some differences concerning the at-
tained methanol conversion, depending on the temperature and space time ratio values. 
Nevertheless, and excepting the radial reactor for the lowest temperature (Fig. 3.2), full 
conversion may be reached for contact times above a threshold value (defined on sec-
tion 4.2), which lowers with temperature increase, as expected due to higher catalyst 
activity. The radial reformer is clearly less efficient than the other two, except for the 
high contact time region (high space time ratio) and for the temperatures of 463 K and 
473 K. The tubular and multi-channel reactors perform quite similar, with a small differ-
ence in the intermediate contact time region for the lowest temperature (453 K), which 
progressively moves for low contact time values as the temperature increases. The rea-
sons for this behavior are discussed below (section 4.4). The low reaction rate of the 
catalyst at 453 K demands more catalyst to achieve the full conversion, which is prob-
lematic in compact systems. 
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Fig. 3.2 Experimental (symbols) and simulated (lines) results for the methanol conversion (left 
axis) and produced hydrogen molar flow rate (right axis) versus the space time ratio at different 
temperatures; Tubular reactor (purple); Multi-channel reactor (green); Radial reactor(red). 
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Fig. 3.3 Parity plots of the experimental and calculated hydrogen molar rate. Tubular reactor 
(purple); Multi-channel reactor (green); Radial reactor (red). 
 
3.5.2. Performance analysis  
 
As previously mentioned, the goal of this work is the thermal integration of a 
MSR-C with a fuel cell in a stack arrangement. HT-PEMFCs with PBI membranes operate 
at a maximum temperature of 473 K, since higher temperatures compromise the stabil-
ity of the membrane [25]. However, other membranes based on pyridine aromatic pol-
yethers promise to be more stable at higher temperatures [26].  
A 25 cm2 HT-PEMFC, operating at 0.6 A·cm-2, requires ca. 9.34x10-5 mol·s-1 of hy-
drogen (assuming that ca. 20 % of hydrogen is vented). Though the experimental assess-
ment of the HT-PEMFC tolerance to methanol bleeding was not performed, it has been 
assumed a minimum methanol conversion of 95 %, thus requiring a minimum methanol 
flow rate of 3.3x10-5 mol·s-1. Taking into account the catalyst mass placed in the reactors 
(15.5 g), the maximum mcat/FMeOH is 473 kg·s·mol-1. At the same operating condition us-
ing a reformer of 320 cm3 filled with 149 g of catalyst pellets of CuO/ZnO/Al2O3, Pan et 
al. [6] reported nearly 100 % of methanol conversion for mcat/FMeOH > 1200 kg·s·mol-1. 
Better results were achieved in this work, even though none of the previous reformers 
produce the required hydrogen flow rate (9.34x10-5 mol·s-1) at 453 K. The multi-channel 
reformer reached 95 % of methanol conversion at mcat/FMeOH of 600 kg·s·mol-1 and 453 K, 
while the radial reformer reached the same value only at space-time values higher than 
1000 kg·s·mol-1.  
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To produce the required hydrogen flow rate (9.34x10-5 mol·s-1) with 95 % of meth-
anol conversion, it is necessary to operate at temperatures higher than 453 K. At 463 K, 
the multi-channel and the tubular reformers satisfied the previous conditions. The radial 
reformer at that temperature still was under performing. All these reformers were char-
acterized using fresh catalyst; typically catalysts deactivate ca. 20 % after few hours of 
time on stream [8]. Despite this fact, the tubular and multi-channel reformers still were 
capable to produce enough hydrogen to feed a 25 cm2 HT-PEMFC, operating at 
0.6 A·cm-2  
Large reformers, such as the one used by Pan et al. [6], exhibit heat transfer limi-
tations. Additionally, large catalyst particles, in the range of in the range of few millime-
ters, were used to minimize the pressure drop. As a consequence, the overall reaction 
rate becomes limited by the mass transfer of reactants between the bulk fluid and cata-
lytic surface. Thus, it is important to achieve a balance between particle size and pres-
sure drop. The pressure drop in the reformers was assessed using a nitrogen flow of 
100 cm3·min-1 at 453 K. The highest pressure-drop value was obtained for the tubular 
reformer, ca. 170 mbar, while the multi-channel and radial reformers showed less than 
10 mbar of pressure drop. The pressure drop and operating pressure showed a small 
influence on the methanol conversion, decreasing less than 5 % in all reformers when 
the pressure changes from 1 to 3 bar at 453 K 
According to the literature, carbon monoxide concentration lower than 
20 000 ppm – 30 000 ppm [6] does not affect significantly the HT-PEMFCs performance. 
The experimental carbon monoxide concentration in the reformate stream as a function 
of the space-time, at 453 K and 473 K and for the three reactors is presented in Fig. 3.4.  
The results show a maximum CO concentration of ca. 900 ppm at 453 K and 1600 ppm 
at 473 K. This way, the reformate stream does not require further purification to feed a 
HT-PEMFC. At temperatures lower than 573 K the methanol decomposition reaction has 
very low conversion being the CO almost exclusively produced from the reverse water 
gas shift reaction [9]. As a result, the CO concentration increases with the partial pres-
sure of the MSR reaction products (H2 and CO2). As shown in Fig. 3.4, the multi-channel 
reactor produces similar concentrations of CO as the tubular and higher than the radial 
reformer, mainly due to heat profiles as it will be discussed later.  
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Fig. 3.4 CO concentration versus the space time ratio, at 453 K (empty symbols) and 473 K (filled 
symbols) and at 1.5 bar; -  - Tubular reactor; - ● - Multi-channel reactor; - - Radial reactor. 
 
3.5.3. Flow distribution 
 
To show an optimised performance, the reformer design must provide a good flow 
distribution, assuring that all the available catalyst is fully used. However, the catalyst 
full exploitation also depends on the size and shape of the respective particles, for a 
given set of operating conditions. Catalyst powders are composed of very small irregular 
particles, which benefit the mass diffusion into the catalyst particle surface, but have a 
detrimental effect on pressure drop and flow distribution [27]. To minimize these nega-
tive aspects, sieves with mesh size of 100 – 250 µm were used, in order to obtain a nar-
row catalyst powder size distribution. In the following, the flow distribution in the differ-
ent reactors will be analyzed in more detail.  
 
Flow velocity profiles in the multi-channel reactor 
Multi-channel designs characteristically exhibit small-pressure drop and the flow 
distribution through the channels depends on the Reynolds number [14]. To optimize 
the flow distribution in the multi-channel reformer, an inlet and outlet distributor was 
used in the present study located underneath the catalyst bed as described previously. 
The porous media (catalyst bed) imposes a momentum resistance (sink) due to viscous 
and inertia losses (Eq. 3.2), which contributes for a homogenization in the flow distribu-
tion.  
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Fig. 3.5 shows the simulated average flow velocity on the channels, at the middle 
axial position, for the multi-channel reformer. The coefficient of variation of the flow 
velocity in the channels was calculated to assess the goodness of the flow distribution. 
The coefficient of variation was in the range 0.6 % to 0.8 % for a space-time ratio from 
900 kg·mol·s-1 to 50 kg·mol·s-1, respectively. The results obtained for the flow velocity 
distribution are similar with those obtained by Jang et al. [18] for a multi-channel re-
former. These authors improved the flow velocity distribution in a multi-channel re-
former optimising the width of the channels. Although the CV values are very small, 
slightly higher flow velocities were observed in the outer channels relatively to the inner 
channels. In the development of the multi-channel reactor, a larger quantity of catalyst 
was considered in the middle of the bed, where the temperature of the stack (MSR/HT-
PEMFC) is higher. Therefore, the channels depth was increased from the outer to the 
inner channels leading to this difference in the flow velocity among the channels. This 
small difference in flow velocity among channels should represent a minor penalty for 
the hydrogen production. 
 
 
Fig. 3.5 Flow velocity determined in the middle of the channels for multi-channel reformer with 
mcat/FMeOH = 300 kg·mol·s-1, wall temperature 453 K, Pout = 1 bar and S/C = 1.5. 
 
Fig. 3.6 shows the simulated flow distribution of the multi-channel reformer. In 
the channels region is observed a quasi plug flow behaviour that benefits the perfor-
mance. However, dead zones are observed in the distributors near the entrance and exit 
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walls, due to the central position of inlet and outlet distributor slit. As a result, the cata-
lyst in these regions is poorly used, which has a negative effect in the hydrogen produc-
tion. This negative effect, explains the difference in the methanol conversion observed 
in Fig. 3.2 between tubular and multi-channel reformers at temperature of 453 K. These 
dead zones however were expected, as long as they do not affect significantly the flow 
distribution in the channels and in order to use all the available volume of the reformer, 
they were considered acceptable.  
To improve this reactor performance, the inner and outlet distributor should be 
thinner and the slits should be located not in the middle of the distributors but by the 
reactor walls. This would improve the flow distribution and consequently the methanol 
conversion. 
 
 
Fig. 3.6 Flow velocity contours of multi-channel reformer with mcat/FMeOH = 300 kg·mol·s-1, wall 
temperature 453 K, Pout = 1 bar and S/C = 1.5. 
 
The tubular reformer behaved as a plug flow reactor with no dead zones, as ex-
pected (not shown). The plug flow behaviour and the absence of dead zones on the tub-
ular reformer explain the higher methanol conversion at 453 K when compared to the 
multi-channel and radial reformer. 
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Flow velocity profiles in the radial reactor 
The velocity profile obtained for the radial reformer (Fig. 3.7b) agrees with the 
results reported by Pattekar et al. [21] where low and steady flow velocities are ob-
served. However, the high performances presented by Pattekar et al. for this design 
were not observed in the present work. The low performance of the radial reformer can 
be justified by the flow velocity profile; this reformer presents a laminar flow with a very 
interesting behaviour, with large regions near the upper and lower walls with very low 
flow velocity, as shown in Fig. 3.7b. This behaviour differs from the multi-channel re-
former, where the reactor design creates stagnant regions and channels with different 
flow velocities.   
 
 
Fig. 3.7 Flow velocity contours of radial reformer with mcat/FMeOH = 300 kg·mol·s-1, wall tempera-
ture 453 K, Pout = 1 bar and S/C = 1.5: a) radial section view (half-height); b) front section view. 
Velocities higher than 0.05 m·s-1 have been removed for a better illustration of the stagnate re-
gions. 
 
Typically, in laminar flows the fluid profile becomes fully developed at a short dis-
tance from the leading edge. A fluid profile is considered fully developed, when the 
boundary layer thickness (i.e. the layer in which the velocity grows from zero at the wall 
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- no slip condition - to 99% of the maximum velocity in the middle of the channel) 
reaches a constant value. However, when the radial reformer is fed through the centre, 
the flow velocity decreases and depends on the balance between the increase of the 
cross-section area (velocity decrease), the pressure drop (velocity increase) and the total 
moles number due to the reaction stoichiometry (velocity increase). As a result, the flow 
never becomes fully developed, since the boundary layer increases as the fluid velocity 
decreases. The thickness of the boundary layer is related to the inefficiency on the cata-
lyst usage in this reactor.  
For a diffusion-limited or close to diffusion-limited reaction, the low flow velocity 
can benefit the reaction conversion. However, if very small catalyst particles are used, 
the reaction is rate limited, so the velocity effect on the methanol conversion should be 
minor. On the other hand, very low flow velocities create stagnated regions near to the 
wall and as a result, the catalyst is poorly used, as previously mentioned. Despite the low 
performance observed towards the methanol conversion, the radial reformer, due to 
the short flow travel distance of the fluid, presents the lowest pressure drop among the 
three reformers. This design can be an interesting option when the pumping power is a 
limitation. Even though, by reducing the height of the catalyst bed, higher flow velocities 
are achieved reducing the boundary layer and enhancing the hydrogen production. 
 
3.5.4. Heat transfer 
 
The slow reaction kinetics at 453 K demands high space-time values to achieve 
>95 % of methanol conversion. On the other hand, the low flow velocity increases the 
thickness of the stagnated gas film on the reactor walls leading to a high heat transfer 
resistance [28]. The thermal conductivity is also affected by the void fraction, larger near 
the wall than in the bulk, limiting the number of contact points between the catalyst 
particles and the reactor wall. In the following, the temperature profiles for the different 
reactors are presented and discussed. 
 
Temperature profiles in the tubular reactor 
The temperature contours for the tubular reformer in the MSR reaction, at a wall 
temperature of 453 K and a space-time of 300 kg·s·mol-1, is shown in Fig. 3.8. As it can 
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be observed, there is a temperature sink of 7 K at the entrance of the reactor. This tem-
perature drop indicates the existence of heat transfer limitations in this region of the 
reformer. The reasons for that are related with the endothermic nature of the reaction, 
the low thermal conductivity of the catalyst and the maximum reaction rate value in the 
inlet region.  
Any drop in the temperature leads to a decrease of the conversion. Thus, it is of 
high importance to minimize as possible any temperature decrease. The heat demand 
in the reformer is not uniform, being higher close to the entrance where the reforming 
reaction is faster. However, it only reports to the initial stage of the reaction. To evaluate 
the limitations on the heat transfer the average temperature of the reformer was con-
sidered, since it provides an overall evaluation of the reactor. For temperature of 453 K 
and a space-time of 300 kg·s·mol-1, the average temperature of the reformer was 
451.5 K, which does not significantly influence the methanol conversion, shown in 
Fig. 3.9. As the reaction rate increases with the operating temperature, the heat transfer 
limitations become more important (e.g., at 473 K and for full methanol conversion, the 
temperature sink is 12.5 K and the average temperature is 470 K, data not shown). 
Therefore, to minimize the heat transfer limitations at higher operating temperatures 
the tube diameters must be reduced. 
 
 
Fig. 3.8 Temperature contours for tubular reformer in the MSR reaction, with mcat/FMeOH= 300 
kg·mol·s-1, wall temperature 453 K, Pout = 1 bar and S/C = 1.5. 
 
For the same reaction volume, smaller diameters correspond to longer lengths, 
which minimize the temperature sink, enhance the methanol conversion but originate 
higher pressure drops. Karim et al. [23] estimated that the smallest diameter required 
for a packed bed to achieve near isothermal operation was 300 µm at 503 K. The benefit 
of operating at isothermal conditions must be evaluated. In order to analyse this benefit, 
different simulations were performed to compare the non-isothermal with the isother-
mal conditions (isothermal conditions were attained by increasing the catalyst thermal 
Contours of static temperature (K) 
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conductivity), which results are presented in Fig. 3.9. At 453 K the benefit of having iso-
thermal conditions showed to be small; for a space-time of 300 kg·s·mol-1 the methanol 
conversion is 84.1 % while at non-isothermal is 82.0 %. However, higher operating tem-
peratures revealed the heat transfer limitations of this reformer, and at 473 K and for a 
space-time of 150 kg·s·mol-1 the methanol conversion is 90.0 % while for non-isothermal 
conditions is 85.9 %. From these results, one can concluded that the diameter of the 
tubular reformer is acceptable to operate at 453 K, but for higher temperatures, smaller 
diameters are required.  
 
 
Fig. 3.9 Methanol conversion for plug-flow reactor at isothermal conditions (dash line) and tub-
ular reformer at non-isothermal conditions (full line), with wall temperature of 453 K (blue), 563 K 
(green) and 473 K (brown), Pout = 1 bar and S/C = 1.5.  
 
Temperature profiles in the multi-channel reactor 
The temperature contours for the multi-channel reformer in the MSR reaction, at 
wall temperature of 453 K and space-time of 300 kg·s·mol-1, are plotted in Fig. 3.10. The 
temperature sink is 4 K, lower than the obtained for the tubular reformer. Moreover, 
the reformer operates almost at isothermal conditions in the region of the channels. As 
a result, the reformer average temperature was 452.5 K, indicating minor heat transfer 
limitations. Even at 473 K, the average temperature is 472.1 K with a maximum temper-
ature sink of 7.4 K (not shown). Operating the multi-channel reformer at 473 K with iso-
thermal condition and space time of 150 kg·s·mol-1 (CDF results) shows ca. 1 percentage 
point difference on the methanol conversion compared to non-isothermal conditions. 
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This shows that the major limitation of the multi-channel reformer is not related to heat 
transfer limitations but with the flow distribution.   
As the reaction rate increases with the temperature, it emphasizes the heat trans-
fer limitations in the reformers and it gains significant influence on the methanol con-
version. The inversion on the performance between multi-channel and tubular reformer 
(Fig. 3.2) as the temperature increases, especially at low space-time values, is related to 
the higher efficiency on the heat transfer of the multi-channel reformer at higher tem-
peratures. 
 
 
Fig. 3.10 Temperature contours for multi-channel reformer in the MSR reaction, with mcat/FMeOH 
= 300 kg·mol·s-1, wall temperature 453 K, Pout = 1 bar and S/C = 1.5. 
 
Radial - temperature profiles 
The radial reformer presents important limitations regarding heat transfer as 
shown in Fig. 3.11. As previously mentioned low flow velocities have detrimental effect 
on heat transfer by convection and the small metallic surface area in the radial reformer 
reduces the heat transfer wall/catalyst particle by conduction. Although the tempera-
ture sink is 5 K lower than in the tubular at 453 K with mcat/FMeOH of 300 kg·s·mol-1, the 
radial reformer presents an average temperature of 451.3 K. The highest flow velocity 
was observed in the middle of the reformer, where the temperature was lower than 
450.0 K (Fig. 3.11), pointing toward the low conversions observed in this reformer. This 
design presents limitations regarding the heat transfer, which could be minimized by 
Contours of static temperature (K) 
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reducing the height of the catalyst bed. The insertion of metallic fins in an axial position 
would also increase the heat transport to the catalyst bed, but it would reduce the cat-
alyst load.  
 
 
 
Fig. 3.11 Temperature contours for radial reformer during MSR reaction, with mcat/FMeOH = 
300 kg·mol·s-1, wall temperature 453 K, Pout = 1 bar and S/C = 1.5. 
 
3.6. Conclusions 
 
Three different methanol reformer designs for thermal integration with a HT-
PEMFC were thoroughly studied experimentally and by CFD simulation. The results 
showed that the multi-channel design is the best solution for the thermal integration, 
with high methanol conversion and low pressure drop. The narrow channels and the 
high metallic surface area in the multi-channel provided the lowest temperature sink 
among the studied reformers due to an efficient heat transfer from the wall to the bulk. 
The multi-channel showed a good flow distribution with a coefficient of variation in flow 
velocity between channels in the range of 0.6 % to 0.8 %.  
Severe heat transfer limitations were observed in the radial reformer due to low 
flow velocities and small metallic surface area. The low flow velocity in the bed of the 
radial reformer had a negative effect on the catalyst usage reducing the methanol con-
version. To obtain isothermal condition the tubular reformer diameter or the multi-
channel width must be reduced, but at low temperatures, ca. 453 K, it presents small 
benefit, due to the low reaction rate. The low activity of the MSR catalysts, at 453 K is 
still an issue to be solved. Nevertheless, the multi-channel reformer, at ca. 463 K, can 
produce enough hydrogen to feed directly a HT-PEMFC with low CO content.  
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 Chapter 4 
 
Integration of a reformer with a HT-PEMFC – Part A 
 
 
 
 
 
4.1. Abstract 
 
A fuel cell is an exothermic device that wastes ca. 50 % of the input chemical en-
ergy while methanol steam-reforming (MSR) reaction is endothermic. The integration of 
a low temperature methanol steam-reforming cell (MSR-C) with a high temperature pol-
ymer electrolyte membrane fuel cell (HT-PEMFC) in a combined stack arrangement al-
lows the thermal integration of both reactors. A novel bipolar plate of poly(p-phenylene 
sulfide) (PPS) featuring the fuel cell flow field in one side and the reformer flow field in 
the other was designed, built and assessed. For the first time are reported high current 
densities (>0.5 A·cm-2) with the integrated system running at 453 K. The system was also 
ran for more than 100 h at 453 K, at 0.3 A·cm-2, with a methanol conversion of > 90 %. It 
was observed some degradation of the membrane electrode assembly (MEA) due to the 
continuous presence of methanol in the reformate stream. Electrochemical impedance 
spectroscopy (EIS) analyses revealed an overall increase of the resistances. The self-ther-
mal sustainability of the combined device was only reached for > 0.75 A·cm-2 due to the 
poor thermal insulation of the combined reactor. 
 
 
 
 
____________________________ 
The content of this chapter is adapted from, P. Ribeirinha, I. Alves, F Vidal Vázquez, G. Schuller, 
M. Boaventura, A. Mendes, Heat integration of methanol steam reformer with a high-temperature 
polymeric electrolyte membrane fuel cell, Energy 120 (2017) 468–477. 
CHAPTER 4 
 
4.2. Introduction  
 
High temperature polymer electrolyte membrane fuel cells (HT-PEMFCs) are elec-
trochemical devices that operate usually between 393 K and 453 K [1-5]. The most prom-
ising electrolyte for HT-PEMFC is polybenzimidazole (PBI) impregnated with phosphoric 
acid that was initially developed by Savinell et al. in 1995 [2, 3]. m-PBI, (poly[2,2'-(m-
phenylene)-5,5'-bibenzimidazole]) commonly referred as PBI is an aromatic heterocyclic 
polymer with high mechanical strength, good chemical resistance and glass transition 
temperature of 703 K. Due to a low proton conductivity (ca. 3.82 mS·cm−1 at 473 K [6]), 
PBI must be doped with an acid such as phosphoric acid to increase the proton conduc-
tivity above 0.05 S·cm−1 for fuel cell applications [4]. Other examples of polymer electro-
lyte membranes for HT-PEMFC are sulfonated poly-ether-ether-ketone (S-PEEK) blended 
with poly-benzimidazole (PBI) or S-PEEK derivative membranes such as sulfonated poly-
ether-ether-ketone with cardo group (S-PEEK-WC) [7] and pyridine based aromatic pol-
yether doped with phosphoric acid electrolyte (Advent®). HT-PEMFC presents several ad-
vantages when compared to typical PEMFC based on perfluorinated membranes 
(<363 K) namely higher electrochemical kinetics, simplified water management and heat 
recovery and higher carbon monoxide tolerance. However, HT-PEMFC has yet to show 
similar long-term stability of PEMFC based on perfluorinated membranes [8]. 
Hydrogen is the most preeminent fuel for fuel cell applications but has low volume 
energy density, is difficult to store and to transport and requires an entirely new distri-
bution infrastructure. Hydrogen, however, can be efficiently produced in-situ through 
catalytic reforming of hydrocarbonates such as methane, methanol or ethanol [9, 10]. 
High temperature fuel cells, such as solid oxide fuel cell (SOFC) or molten carbonate fuel 
cells (MCFC) can perform internal reforming of hydrocarbonates or exploit efficiently 
solid fuels such as bituminous coal, lignite, biomass or bio-waste converted to hydrogen 
by a gasification process [11-13]. SOFCs or MCFCs are especially attractive for combined 
heat and power (CHP) generation applications or integrated within high efficiency hybrid 
cycles [11, 14]. Methanol, on the other hand, is the most attractive fuel for in-situ hy-
drogen production for portable or small stationary applications due to its high hydro-
gen/carbon ratio, absence of carbon-to-carbon bonds that allows low reforming tem-
perature (513 K - 533 K) and considerably high energy density [15,16]. In PEMFCs, meth-
anol can bed feed directly, but it considerable decreases the performance due to poor 
oxidation kinetics and methanol crossover from the anode to the cathode [17]. High 
INTEGRATION OF A REFORMER WITH A HT-PEMFC – PART A 
 
99 
 
temperature DMFCs were first studied in the 1990’s using phosphoric acid doped PBI as 
electrolytes [18-20]; an assembled prototype HT-DMFC reached a maximum of 
0.1 W·cm-2, at 473 K [19].  
Hydrogen generation in-situ by methanol steam reforming (MSR) to supply HT-
PEMFC is being used in commercial power supplies namely by Ultracell [15] and by Se-
renergy [16]. In this power supply, a combustor burns a small fraction of fuel that pro-
vides heat for the following steps, namely fuel vaporization and MSR reaction. Fuel cells 
are exothermic devices that waste ca. 50 % of the input chemical energy as heat, repre-
senting more energy than the required for fuel vaporization and MSR reaction com-
bined. Due to the mismatch of typical operating temperature between reformer and HT-
PEMFC (533 K vs 433 K) the heat released by the fuel cell is normally wasted. Neverthe-
less, synergetic heat integration could be achieved if the operating temperatures are the 
same. Pan et al. reported the first attempt to integrate a HT-PEMFC with a MSR both 
devices operating between 453 K and 473 K [21]. The results showed insufficient fuel 
supply from the reformer, even at 473 K, resulting in high voltage losses, 160-200 mV at 
low current densities, compared to a mixture feed with volume fractions of 75% H2 and 
25 % CO2. Avgouropoulos et al. [22-24] took a different approach by incorporating the 
methanol reforming catalyst in the HT-PEMFC anodic compartment. The results re-
ported show a very low performance of the fuel cell due to contamination of the elec-
trocatalyst by methanol [22]. These authors were able to improve the fuel cell perfor-
mance by inserting a plate between the gas diffusion layer and the membrane electrode 
assembly (MEA), reporting a cell voltage of 642 mV at 0.2 A·cm-2, at 483 K [24]. 
Feeding directly a HT-PEMFC anode with reformate involves several concerns, 
namely methanol slip, CO poisoning and dilution of hydrogen. Concerning the effect of 
methanol slip from the MSR on the performance of HT-PEMFC only few studies have 
been reported [24-26]. Methanol oxidizes the anode catalyst competing with hydrogen 
for the active sites, despite the complex mechanism and lower reaction rate than hydro-
gen oxidation [25]. Methanol also permeates via diffusion from the anode to the cathode 
reducing the O2 availability and depolarizing the cathode [20]. The high operating tem-
peratures of phosphoric acid doped PBI based fuel cells allows considerable high toler-
ance towards CO, yet CO adsorbs on the platinum surface, used as electrocatalyst, cre-
ating a monolayer and blocking active site for the adsorption/desorption of H2. A toler-
ance of Pt/C catalyst was observed for CO concentration until 5 % at 453 K, at moderate 
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values of voltage [27]. The presence of CO2 in the reformate dilutes the fuel and limits 
the maximum current density of the fuel cell [28] and can have a negative effect due to 
formation of CO via the reverse water–gas shift reaction on platinum sites [29,30].  
The materials and design used to produce the bipolar plates are one of the im-
portant key components to achieve the integration of a MSR-C with a HT-PEMFC. Tradi-
tionally, graphite is the most commonly material used to machine bipolar plates, due to 
excellent corrosion resistance, low bulk density and high electrical conductivity. Yet, the 
brittleness of graphite makes it difficult to machine [31]. Metallic bipolar plates are 
cheaper, easy to machine and can be produce with very low thicknesses, but they show 
low corrosion resistance. The corrosion process leads to an undesirable increase of elec-
trical resistance due to the formation of a less conductive oxide film on the surface of 
the metallic material [32]. Polymer-graphite composites are being considered to pro-
duce bipolar plates, showing to be little affected by corrosion in PEM fuel cells. Polyphe-
nylene sulfide (PPS) is a thermoplastic polymer with high chemical and thermal stabilities 
and very interesting mechanical properties [31]. PPS characteristics made this polymer 
suitable to produce composite bipolar plates with improved mechanical and electrical 
properties [33, 34]. 
To achieve an efficient heat integration of MSR-C/HT-PEMFC, the reformer must 
maximize the heat transfer with a uniform flow distribution and low-pressure drop. In 
the literature, most of studies describing well-structured flat reactors for MSR reaction 
have flow fields based on single channel design or based on a series of parallel channels 
[9]. Parallel channels or based on parallel channels designs have been pointed as the 
best option to carry out the MSR reaction due to high conversions, good heat transfer 
and low-pressure drop [35]. This configuration however, is more prone to uneven flow 
distributions, especially if it is not imposed a considerable pressure drop between the 
manifold and the channels, which increases considerable the complexity of the reactor. 
Multiple serpentine designs, in the other hand, are simple to manufacture and provide 
good flow distributions minimizing the pressure drop.  
In the present work, the heat integration of a methanol steam reformer with a HT-
PEMFC working both devices at the same temperature was attempted. A new bipolar 
plate was designed, featuring the fuel cell anode flow field in one side and the reformer 
flow field in the other. The integrated unit will be assembled using membranes based on 
pyridine based aromatic polyether doped with phosphoric acid; despite being already 
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commercialized, only a few studies have been reported considering the performance 
and stability of these membranes at high temperatures (>453 K) [22-24]. The fuel cell 
and the reformer performances were assessed individually and as an integrated unit 
working at different temperatures. The fuel cell was characterized by polarization curves 
and electrochemical impedance spectroscopy considering different fuels, including 
reformate produced by the MSR without pre-treatment.  
 
4.3. Experimental 
 
Bipolar plate design 
A bipolar plate made in PPS with outer dimensions of 9.5 cm x 9.5 cm x 1.7 cm was 
designed to have a fuel cell flow field in one side and the reformer flow field in the other 
(Fig. 4.1). The fuel cell flow field has a pin-hole design with outer 5.0 cm x 5.0 cm, while 
the reformer has a triple serpentine design with total volume of 13.7 cm3.  
 
 
Fig. 4.1 Bipolar plate made of PPS; a) reformer side; b) Fuel cell side. 
 
Assembling the HT-PEMFC and MSR-C integrated unit (MSR-C/HT-PEMFC) 
The MEAs were from Advent TPS®, with an active area of 25 cm2. The membrane 
is based on pyridine type structures incorporated around a stable polymer backbone and 
has a thickness of 60-65 µm. The catalyst loading on both the anode and the cathode is 
1 mg Pt/cm2. The MEAs were placed in a single cell composed by one bipolar plate with 
pin-hole geometry (cathode) and the new bipolar plate developed in this work (anode). 
PTFE gaskets supplied by Advent TPS® with thickness of 310 µm were used to assure the 
fuel cell sealing; they provided a MEA compression of ca. 18 %.  
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The reformer channels were filled with ca. 18 g of BASF (RP-60) catalyst with par-
ticle size between 200-400 µm and sealed with a silicon gasket of 1.5 mm of thickness. 
The MSR-C/HT-PEMFC was covered by two metal endplates and all parts were tighten 
by eight bolts with a torque of 3.5 N·m.  
 
Fuel cell and reformer test bench 
The schematic diagram of the test bench is shown in Fig. 4.2. The temperature 
was kept using two silicon heaters glued to the MSR-C/HT-PEMFC and controlled by a 
Eurotherm 3016 PID controller. The MSR-C/HT-PEMFC was covered with glass wool and 
aluminium foil for a good thermal insulation.  
 
Fig. 4.2 Scheme of the experimental unit used for the MSR-C/HT-PEMFC characterization. 
 
Mass flow controllers from Bronkhorst were used to control the gases flow rate, 
while the operating pressure was adjusted using relief valves. The water/methanol mix-
ture with a molar steam to carbon ratio (S/C) of 1.5 was pumped using an HPLC pump 
(Knaur Smartline 1050). The evaporation was carried in a tubular device filled with glass 
beads to homogenize the temperature and controlled by a Eurotherm 3016 PID control-
ler. At the outlet of the anode, the stream passed through a condenser (based in Peltier 
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element) to remove the condensable components; the flow of the non-condensable spe-
cies was measured using a mass flow meter from Bronkhorst. 
The system was controlled using an application developed in LabView [36] (Na-
tional Instruments) and the electrochemical tests were performed using a Zahner IM6e 
electrochemical workstation coupled with a potentiostat PP-241. 
 
MSR-C/HT-PEMFC characterization 
The fuel cell was placed in an oven at RT and the temperature set to 453 K. The 
MEAs were activated accordingly to the specifications of the supplier, at open circuit 
voltage until the cell reached 393 K and at constant 0.20 A·cm- 2 until 453 K, with air stoi-
chiometry (λAir) of 2 and hydrogen stoichiometry (λH2) of 1.2. The cell was kept under 
these conditions during ca. 14 h. While activating the MEA, the reformer catalyst was 
also activated using excess hydrogen from the anode outlet.  
The MEAs were characterized using an air stoichiometry (λAir) of 2 and hydrogen 
stoichiometry (λH2) of 1.2. When reformate was used as fuel, the water/methanol flow 
rates were adjusted according to the fuel cell current density and they were established 
based on the hydrogen production observed for fresh reforming catalyst, as depicted in 
Table 4.1. For current densities above 0.2 A·cm-2 the λH2 was not possible to maintain at 
1.2, without introducing high amounts of non-reacted methanol in the FC. 
 
Table 4.1 Water/methanol flow rates used to feed the reformer at different current densities. 
HT-PEMFC current density 
(A∙cm-2) 
Water/methanol flowrate 
(cm3∙min-1) 
< 0.2 0.05 
0.3 0.06 
0.4 0.08 
0.5 0.10 
 
The experiments were performed at 453 K and 463 K using three MEAs, labelled 
from one to three. In the first experiment, using MEA1, the HT-PEMFC was fed with pure 
hydrogen, gas mixture with volume fractions of 75% H2 and 25 % CO2 and reformate sup-
plied from the MSR. The reformate was feed in cycles of 7 h at constant 0.3 A·cm-2 and 
453 K; between cycles (overnight) the fuel cell was fed with pure hydrogen and kept at 
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constant 0.2 A·cm-2. In the second experiment, using MEA2, the fuel cell was continu-
ously fed with reformate during 100 h, at constant 0.3 A·cm-2 and 453 K. In the third ex-
periment, using MEA3, the temperature of the MSR-C/HT-PEMFC was increased to 463 K 
and the same procedure of the second experiment was followed. The Advent TPS® MEAs 
were characterized by polarization curves and electrochemical impedance spectroscopy 
(EIS). Polarization curves were obtained galvanostatically between 0.05 A·cm-2 and 
0.6 A·cm-2. EIS were obtained between 100 kHz and 100 mHz with a perturbation ampli-
tude of 5 mV. The impedance data was fitted to an equivalent circuit (EC) model (Fig. 4.3) 
[36, 37]. The two first parallel RC circuits connected in series represent the rate deter-
mining processes at the anode (Rct,a, CPEa) and cathode (Rct,c, CPEc); Rct,a and Rct,c corre-
sponds the charge transfer resistance between electrode and electrolyte at the anode 
and at the cathode sides, respectively, whereas CPEa and CPEc are constant phase ele-
ments. The two RC circuits are connected by an ohmic resistance, Rohmic, representing 
the ohmic losses at the electrolyte. The third parallel RC circuit (RN, CN) represents the 
limitations in the mass transport processes (finite diffusion limitations), where RN is a 
resistance and CN is a capacitor. One coil or inductive element (L) was added to describe 
the inductance of the EIS equipment cables.  
 
 
Fig. 4.3 Fuel cell equivalent circuit model used in the analysis of the impedance data. 
 
Besides the electrochemical characterization, titrations were performed to deter-
mine the phosphoric acid content in different sections of the MEA. The samples were 
cut with a mallet handle die, delaminated and placed in a glass beaker containing a 2-
propanone solution. The solution was stirred using magnetic stirrer for at least 30 min 
and then titrated with sodium hydroxide solution.  
The performance of the reformer was assessed at two instants, immediately after 
the catalyst activation (hereafter referred as fresh catalyst) and after having concluded 
the MEA characterization (hereafter referred as aged catalyst); the methanol conversion 
was determined measuring the mass flow of the reformate stream without the conden-
sable components. 
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4.4. Results and Discussion 
 
4.4.1. Cellular reformer performance 
 
The bipolar plate side containing the MSR was designed taking into account sev-
eral aspects such heat and mass transport, pressure drop, flow-pattern and reactor vol-
ume as an effort to approach to an ideal plug flow reactor operated at isothermal con-
ditions. The performance of the reformer was assessed for fresh catalyst and after the 
electrochemical characterization tests, here addressed as aged catalyst, as depicted in 
Fig. 4.4.  
 
Fig. 4.4 Methanol conversion as function of feed flow rate at different temperatures, for fresh 
catalyst and for aged catalyst; solid lines were added for readability. 
 
For the water/methanol flow rate of 0.06 cm3·min-1 (mcat/FMeOH =1170 kg·mol-1·s) 
used in the stability tests for MEA2 and MEA3, the methanol conversion in the beginning 
of the experiments was 92 % and 98 % at 453 K and 463 K, respectively. Typically, full 
methanol conversion is achieved at 453 K at steady state for space-time ratios of ca. 
1000 kg·mol-1·s [35] using a differential reactor loaded with the commercial catalyst. 
Therefore, higher conversions would be expected for the studied reformer. A non-uni-
form flow distribution among the channels could be pointed out as the reason for the 
low performance of the reformer in general. Noteworthy, the reformer, after the exper-
iments was opened and examined; the catalyst bed was perfectly filled and no drag or 
preferential flow paths were observed. The decrease in the performance after several 
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hours of operation, at both operating temperatures (453 K and 463 K) was associated to 
the typical catalyst deactivation. Copper based commercial catalysts normally present 
an initial loss in activity of ca. 20 %, before reaching steady state, which occurs after a 
few hours of time-on-stream [9]. In this work, the CO content was not determined, since 
CO production at the operation temperatures considered is lower than 2000 ppm [35] 
and should not affect the HT-PEMFC performance [21].  
High current densities require high hydrogen-feed flow rates leading to low meth-
anol conversions. Fig. 4.5 relates the current density and the methanol conversion with 
the hydrogen flow rate (hydrogen produced and the required to feed the 25 cm2 
HT-PEMFC with a λH2 of 1). As shown in Fig. 4.5, for current densities above 0.3 A·cm-2 
and operating temperature of 453 K the reformer is not able to produce a reformate 
stream with a methanol conversion above 90 %. Considering that the polarization curves 
were obtained galvanostatically between 0.05 A·cm-2 and 0.6 A·cm-2, significant amounts 
of non-reacted methanol was present in the reformate stream and fed to the fuel cell. 
The low conversions and consequently the low hydrogen flow rates observed for “aged” 
catalyst influences the PEMFC performance as it will be discussed later. 
 
 
Fig. 4.5 Methanol conversion (left axis) and current density (right axis) versus hydrogen flow rate 
at different temperatures; solid lines were added for readability. 
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4.4.2. Fuel cell performance 
 
I-V Curves 
The integrated MSR-C/HT-PEMFC device was examined immediately after the cat-
alyst and MEA activations. Fig. 4.6 shows the polarization curve of MEA1 at 453 K with 
pure hydrogen (used as reference), H2/CO2 mixture and reformate as fuels. After the 10th 
cycle with reformate, at constant 0.3 A cm-2, MEA1 was characterized with reformate 
(final reformate) and it was left stabilizing overnight at 0.2 A.cm-2 with pure hydrogen. 
MEA1 was characterized in the day after with pure hydrogen (H2 after 10th cycle) to as-
sess the fuel cell performance degradation. MEA1 showed lower initial performance 
when compared with other commercial MEAs based on phosphoric acid doped PBI mem-
brane, with pure hydrogen as fuel [26]. Despite the low performance at temperature 
453 K, MEAs from Advent TPS® promise to be more stable at higher temperatures 
(453 to 473 K) [38]. Switching the anode feed from pure hydrogen to the H2/CO2 mixture 
decreased the fuel cell performance, mainly due to hydrogen dilution; this effect is more 
noticeable at high current densities, e.g. the electric potential difference (∆V) at 
0.5 A·cm-2 decreased 9 % (30 mV). Switching from H2/CO2 mixture to reformate produced 
by the MSR showed a further decrease in the fuel cell performance, once again more 
expressive for higher current densities. This behaviour was assigned to the higher hydro-
gen dilution due to presence of water vapour, unreacted methanol and CO2 and, due to 
the presence of CO. Despite the lower performance with reformate as fuel, the inte-
grated MSR-C/HT-PEMFC was capable to produce a current density of 0.5 A·cm-2 for a 
potential difference of 0.323 V. Pan et al. reported a current density of 0.1 A·cm-2 for a 
potential difference of ca. 0.25 V using integrated MSR/HT-PEMFC at 453 K [21]. Av-
gouropoulos et al., on the other hand, reached a maximum current density of 0.25 A·cm-2 
for a potential difference of ca. 0.45 V at 483 K, by incorporating the methanol reforming 
catalyst in the HT-PEMFC anodic compartment (internal reforming) [24]. 
From the intermediate measurements using pure hydrogen as a feed, the perfor-
mance degradation with the increasing number of reformate cycles can be observed 
(Fig. 4.6). The potential difference of the FC fed with pure hydrogen after 10 cycles 
dropped of 9 % (44 mV) and 21 % (75 mV) at 0.3 A·cm-2 and 0.5 A·cm-2, respectively, 
when compared to the values obtained after activation; while the potential difference 
of the FC fed with reformate after 10 cycles dropped 17 % (83 mV) and 41 % (149 mV) at 
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0.3 A·cm-2 and 0.5 A·cm-2, respectively. The low performance of the fuel cell with the 
reformate is explained by the low quality of the reformate stream at the end of the ex-
periments, providing a low hydrogen stoichiometry and having high concentrations of 
unreacted methanol, additionally to the permanent degradation of the MEA compo-
nents (Fig. 4.5). 
 
 
Fig. 4.6 Polarization curves of MEA1 at 453 K with hydrogen, H2/CO2 mixture and the methanol 
reformate as fuel; solid lines were added for readability. 
 
MEA2 was initially examined by polarization measurements at 453 K using pure 
hydrogen, H2/CO2 mixture and methanol reformate as fuels. After 100 h with continuous 
feed of reformate at a current density of 0.3 A·cm-2, MEA2 was characterized with refor-
mate (final reformate) and it was left stabilizing overnight at 0.2 A·cm-2 with pure hydro-
gen. In the day after, MEA2 was characterized with pure hydrogen (final H2) to assess 
the fuel cell performance degradation. When fresh, MEA2 showed ∆V = 607 mV with 
hydrogen at 0.2 A·cm-2, while MEA1 has shown a ∆V of 577 mV. This difference in ∆V 
indicates that MEAs have not been activated at the same extent, despite the similar ac-
tivation time. This aspect has already been reported in literature for commercial MEAs 
based on phosphoric acid doped PBI membranes [39, 40].  
The initial effect of replacing pure hydrogen by the H2/CO2 mixture or by refor-
mate is similar to the one observed previously for MEA1. The operation of the HT-PEMFC 
during 100 h with reformate as fuel, led to a decrease in the performance (Fig. 4.7). The 
∆V, when pure hydrogen is used as fuel, decreased 13 % (66 mV) and 31% (110 mV) at 
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0.3 A·cm-2 and 0.5 A·cm-2, respectively, while the ∆V with reformate decreased 17 % 
(66 mV) and 60 % (213 mV) at 0.3 A·cm-2 and 0.5 A·cm-2. The low performance of the HT-
PEMFC with hydrogen as fuel (final H2) indicates a permanent degradation of the MEA, 
caused by the low methanol conversion observed in the reformer, at the end of the ex-
periments. 
MEA2 shows a higher drop in the performance, after 100 h of operation with 
reformate as fuel, than MEA1, after 10 cycles with reformate. These 10 cycles corre-
spond actually to ca. 70 h of operation with reformate for a total of ca. 250 h; the lower 
performance degradation of MEA1 was then assigned to the shorter contact time with 
the reformate, since the performance of a HT-PEMFC is negatively affected by the time 
of operation in the presence of methanol and by the concentration of methanol [26, 40].  
 
 
Fig. 4.7 Polarization curve of MEA2 at 453 K with pure hydrogen, H2/CO2 mixture and the meth-
anol reformate as fuel; solid lines were added for readability. 
 
No significant differences in the performance of MSR catalyst before and after the elec-
trochemical characterization of MEA1 and MEA2, was observed. MEA1 was also left 
overnight with pure hydrogen at 0.2 A·cm-2 which allowed the MEA to recover and to 
stabilise, as reported by Boaventura et al. [40].  
MEA3 was tested at 463 K in similar conditions of MEA2. Fig. 4.8 shows the polar-
ization curve of MEA3 at 463 K with pure hydrogen, the H2/CO2 mixture and the metha-
nol reformate as fuels. The initial performance of MEA3 with pure hydrogen was better 
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than MEA1 and MEA2 (Fig. 4.8), as expected, due to improvement of electrochemical 
kinetics with temperature.  
 
 
Fig. 4.8 Polarization curve of MEA3 at 463 K with pure hydrogen, H2/CO2 mixture and the meth-
anol reformate as fuel; solid lines were added for better readability. 
 
The polarization curves with the H2/CO2 mixture show 8 % (30 mV) less energy 
efficiency at 0.5 A·cm-2 when compared to hydrogen, similar to the previous MEAs. The 
initial polarization curve with reformate as fuel shows a slightly better performance than 
the obtained with the H2/CO2 mixture, presenting an energy efficiency decrease of only 
4 % (15 mV) at 0.5 A·cm-2, compared with hydrogen. High operating temperature favours 
both the methanol reforming conversion and electrochemical kinetics. At 463 K the 
methanol conversion for fresh catalyst was always higher than 90 % for the range flow 
rates used, thus low methanol content was present in the reformate. The small improve-
ment obtained with reformate compared to the H2/CO2 mixture could be related to an 
increase in the protonic conductivity due to water presence, since it can represent a 
volume fraction of ca. 10 %. In the case of the previous MEAs, when fed with reformate, 
their performance was lower than with the H2/CO2 mixture; at 453 K the reformate has 
a higher concentration of methanol (Fig. 4.8). The performance of MEA3 with reformate, 
after 100 h of aging, shows a small loss of efficiency than the other MEAs (e.g. ∆V loss of 
7 % (28 mV) and 12 % (48 mV) respectively at 0.3 A·cm-2 and 0.5 A·cm-2 with hydrogen as 
fuel). However, for current densities above 0.3 A·cm-2, it is clear the inability of the re-
former to provide the required hydrogen flow rate.  
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Stability analysis 
Fig. 4.9 shows the electric potential difference history for MEA1 when supplied 
with reformate as fuel and for a current density of 0.3 A·cm-2. The experiment was car-
ried during 250 h, but only 70 h on-stream with reformate resulting in ∆V variation rate 
of 0.77 mV·h-1 at 0.3 A·cm-2 for the time with reformate as fuel. Between cycles the fuel 
cell was left overnight at 0.2 A·cm-2 with pure hydrogen allowing the fuel cell to recover 
flushing out the water and methanol partially recovering the potential difference. De-
spite this fact, the performance degradation was higher than the reported by Av-
gouropoulos et al. [23]; using the same type of MEAs, they found a degradation rate of 
0.15 mV·h-1 at 0.2 A·cm-2 and 473 K under H2/air feed and after 170 h of steady opera-
tion. Water vapour and methanol interact strongly with H3PO4, permeating from the an-
ode to the cathode side [23, 41]; the presence of methanol in the electrolyte makes the 
proton conductivity to decrease. The major pathway for the performance degradation 
of the MEA, however relates to the adsorption of methanol on the anode and cathode 
catalyst [26, 40]. 
 
 
Fig. 4.9 Electric potential difference history for MEA1 at 0.3 A·cm-2 with reformate as fuel. 
 
The ∆V variation rate history at 0.3 A·cm-2, for MEA2 and MEA3, with reformate 
as fuel is depicted in Fig. 4.10. MEA3 shows the lowest degradation among the MEAs 
tested, with a ∆V variation rate of 0.39 mV·h-1 at 0.3 A·cm-2, while MEA2, in the other 
hand, has a ∆V variation rate of 0.57 mV·h-1, at the same current density. The lowest 
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degradation of MEA3, should be assigned to low methanol content in the reformate 
stream, due to the highest operating temperature.  
The presented results for the Advent MEAs are far from the reported in literature 
for long-term stability tests of PBI based MEAs, with a ∆V variation rate of 5 μV·h-1, at 
0.2 A·cm-2 with hydrogen at 423 K– 433 K [8]. Considering a synthetic reformate stream 
with a water volume fraction of 2.5 % and a methanol content of 2.5 %, Araya et al. [26] 
reported a degradation rate of 0.9 mV·h-1. MEA2 was tested during 100 h at 453 K with 
a reformate stream with 90 % of methanol converted, which corresponds to a water 
volume content of 14.0 % and a methanol content of 2.3 %; this reformate has a meth-
anol content similar to the synthetic reformate reported by Araya and co-authors. 
 
 
Fig. 4.10 Electric potential difference variation with time for MEA2 (■) and MEA3 (▲) at 
0.3 A·cm-2 with reformate as fuel. 
 
EIS analysis 
To understand the origin of voltage loss and the irreversible degradation, EIS anal-
ysis was performed. Fig. 4.11a shows the Nyquist plot for MEA1 at 453 K and 0.3 A·cm-2, 
fed with hydrogen, H2/CO2 mixture and reformate, obtained after activation and after 
the 10 cycles with reformate. Alongside, Fig. 4.11b shows the resistances history of the 
fuel cell equivalent circuit model (Fig. 4.3) when fed with hydrogen and reformate. A 
small effect is observed when the fuel is changed from hydrogen to the H2/CO2 mixture 
(Fig. 4.11a) in whole frequency range, with a slight increase in the ohmic resistance (in-
terception of the Nyquist plot with the real axis). With reformate as fuel a decrease in 
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the ohmic resistance is observed. This fact was assigned to the presence of water vapour, 
which enhances the proton conduction in PBI-based polymer electrolytes [41]. The 
ohmic resistance, (Rohmic) is 0.39 Ω·cm2 in the presence of hydrogen, while in the pres-
ence of the reformate stream is equal to 0.36 Ω·cm2. After the 10 cycles with reformate 
the Rohmic increases and once again is smaller with reformate than with hydrogen as fuel. 
The Rohmic along the cycles is also observed in the Fig. 4.11b; suggesting a permanent loss 
of the proton conductivity. In fact, methanol as a polar molecule can create stronger 
hydrogen bonds with the H3PO4/polymer matrix reducing the phosphoric acid available 
for proton conduction. 
 
 
 
Fig. 4.11 Impedance analysis of MEA1 at 0.3 A·cm-2; a) Nyquist spectra before and after 10 cy-
cles with reformate (the lines represent de modelling results); b) evolution of the resistances 
along the reformate cycle. 
 
The high frequency resistance, normally attributed to the electrochemical reaction re-
sistance at the anode (Rct,a) increases along the cycles, showing a slight decrease when 
the feed was changed from reformate to pure hydrogen. This activity decrease was as-
signed to the methanol adsorption on the catalyst and consequent formation of CO [42, 
43], that leads to an increase of the anode overpotencial and then to a drop on the fuel 
cell efficiency. Besides, the reformate stream has lower hydrogen partial pressure, which 
also contributes for a higher Rct,a. The intermediate frequency resistance, normally at-
tributed to the electrochemical reaction resistance at the cathode (Rct,c) had a high in-
creased along the cycles and showed to be intrinsically related to the MEA degradation; 
a significant increase in the Rct,c was always observed when the fed was changed from 
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pure hydrogen to reformate. Methanol crossover was observed for this type of mem-
brane [23]; since the methanol oxidation in the presence of oxygen is catalysed by plat-
inum nanoparticles, the methanol oxidation will compete with electrochemical reaction 
for the catalyst active sites. Therefore, the increase of Rct,c immediately after the activa-
tion of MEA1, when the feed was changed from hydrogen to the reformate stream, 
should be assigned to the decrease of the catalyst active area due to methanol crosso-
ver. The low frequency resistance, RN, normally attributed to the mass transport re-
sistance, shows a slight decrease along the cycles with lower resistance value when the 
reformate stream was used as fuel. Although due to strong instability of the spectra in 
this region, no further analysis can be made. 
Fig. 4.12a-b show the Nyquist plots for the operation of MSR-C/HT-PEMFC device 
at 453 K (MEA2) and 463 K (MEA3), both at 0.3 A·cm-2, under hydrogen, the H2/CO2 mix-
ture and the reformate feed. Fig. 4.12c-f show the resistances history of the fuel cell 
equivalent circuit during the 100 h of operation with reformate as fuel. The resistances 
were also determined for hydrogen as fuel before and after the 100 h of continuous 
operation. The ohmic resistance of MEA2 is higher than MEA3, independently of the an-
ode fuel (Fig. 4.12a-c). In fact, Rohm decreases with temperature due to the higher mobil-
ity of protons [44] and increases along the reformate aging time. Like in the case of 
MEA1, after the aging period Rohmic decreases when hydrogen feed is switched to refor-
mate. The anode resistance increases when hydrogen feed is switched to reformate 
(Fig. 4.12d), due to reduction of the catalyst active area and to lower hydrogen partial 
pressure, as mentioned before. The low Rct,a of MEA3 was assigned to the higher tem-
perature, which increases the electrochemical reaction rate and reformer performance, 
producing a reformate stream with higher concentration of hydrogen and lower concen-
tration of methanol. Oxygen reduction (cathode) is the limiting electrode reaction; as a 
result the methanol crossover from the anode to the cathode is likely to have a signifi-
cant effect on Rct,c, as it is observed for MEA2 immediately after the first hours of oper-
ation with reformate (Fig. 4.12d,e). No significant increase of Rct,c is observed in MEA3 
along the 100 h of aging period, as a consequence of the high methanol conversion ob-
tained with the reformer operating at 463 K; after the aging period, Rct,c values obtained 
with the reformate and hydrogen are very close. The high operating temperature of 
MEA3 increase the electrochemical reaction rate and reformer conversion, resulting in 
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the lowest Rct,c observed among the three MEAs. RN of both MEAs have almost the same 
value fresh and after the 100 h aging period with the reformate. 
 
 
Fig. 4.12 Nyquist spectra of MEA2 (a) and MEA3 (b) before and after the aging period with refor-
mate (the lines represent the model); history of ohmic (c), anode (d), cathode (e) and mass 
transport (f) resistances with reformate as fuel. 
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4.4.3. Titrations 
 
The phosphoric acid (PA) content at different zones in the studied MEAs was ob-
tained – Fig.4.13. The reference value was obtained as the average over all position of a 
fresh MEA. Anode and cathode feeds were supplied in counter-current – Fig.4.1. The PA 
content in the MEAs decreased after the aging period, ca. 25 % at the cathode inlet and 
anode outlet zones. Comparing the studied three aged MEAs, MEA1 shows the lowest 
PA contents that should be assigned to the longer operating time. The operating tem-
perature, 453 K and 463 K, displays no significant role on the PA depletion. PA leaching 
is more likely to occur during the start/stop events, when condensed liquid water is 
formed. However, the MEAs in this work were not submitted to temperature cycles and 
then PA leaching should not be considered. 
 
 
Fig. 4.13 Phosphoric acid content at different zones of the reference and aged MEAs. 
 
4.4.4. Thermal sustainability  
 
The heat integration between a MSR and HT-PEMFC and the operation of both 
devices at the same temperature can increase the overall energy efficiency by more than 
ten percentage points [45]. Moreover, operating at the same temperature increases the 
simplicity of PEMFC systems. Fig. 4.14 shows the heating power supplied to the MSR-
C/HT-PEMFC integrated device required to maintain the temperature constant. The in-
tegrated device was covered with a 0.5 cm thick sheet of glass wool; however, a loss of 
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ca. 56 W was observed when the MSR-C/HT-PEMFC was operated at 453 K. As the fuel 
cell loading increases, it generates more wasted heat, but even at the highest current 
density allowed by the reformer (0.5 A·cm-2), the fuel cell was not able to cover the loss 
of heat through the thermal insulation. A better insulation was required to achieve the 
thermal equilibrium, made namely of materials such as silicon rubber or armaflex® ca-
pable to fit to the shape of the MSR-C/HT-PEMFC device. In a stack of fuel cells and cel-
lular reformers, and with a better thermal insulation, it would expected that the fuel cell 
covers the heat needs for current densities of ca. 0.15 A·cm-2. Despite, the thermal inte-
gration of a MSR and HT-PEMFC could represent a significant improvement in the overall 
efficiency of the device; commercial MSR catalysts require higher catalytic activity, with-
out limiting the fuel cell operation to low current densities.  
 
 
Fig. 4.14 Heating power as function of the FC current density at 453 K (▲) and 463 K (●). 
 
4.5. Conclusions 
 
A new combined MSC-C/HT-PEMFC, featuring the fuel cell anode flow field in one 
side and the reformer flow field in the other, was built and assessed within a tempera-
ture range of 453 K and 463 K. High current densities (>0.5 A·cm-2), with the combined 
reactor running at 453 K, are reported for the first time. The initial maximum power den-
sity delivered by the MSC/HT-PEMFC system at 453 K was only slightly lower (30 mV) 
than when hydrogen is fed directly to the HT-PEMFC. These results demonstrate that a 
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MSR and HT-PEMFC can operate at the same temperatures producing high current den-
sities.   
After several hours of operation, the degradation of the MEA was noticeable, both 
at 453 K than at 463 K, because of the low methanol conversion (<99 %). Electrochemical 
impedance spectroscopy (EIS) analysis showed a decrease in the ohmic resistance when 
the anode fuel was switched from hydrogen to reformate. It is known that the presence 
of water vapour can enhanced the proton conduction in PBI-based polymer electrolytes 
[41]. The anode resistance increased with reformate as fuel, due to the catalyst active 
decrease and lower hydrogen partial pressure. The cathode resistance increased with 
reformate as fuel, due to the methanol crossover from the anode to the cathode, espe-
cially at lower temperatures where the methanol conversion was also lower.  
The self-thermal sustainability of the combined device was only reached for > 
0.75 A·cm-2 due to the poor thermal insulation of the combined reactor. The heat inte-
gration of MSC/HT-PEMFC in a stack arrangement is currently under investigation.  
 
 
  
INTEGRATION OF A REFORMER WITH A HT-PEMFC – PART A 
 
119 
 
4.6. References 
 
[1] M. Díaz, A. Iranzo, F. Rosa, F. Isorna, E. López, J. Bolivar, Effect of carbon dioxide on the contamination 
of low temperature and high temperature PEM (polymer electrolyte membrane) fuel cells. Influence of 
temperature, relative humidity and analysis of regeneration processes, Energy 90 (2015) 299–309 
[2] J.T. Wang, R. F. Savinell, J. Wainright, M. Litt, H. Yu, A H2/O2 fuel cell using acid doped polybenzimidazole 
as polymer electrolyte, Electrochimica Acta, 41, (1996), 193–197. 
[3] J.S. Wainright, J.T. Wang, D. Weng, R.F. Savinell, M. Litt, Acid-Doped Polybenzimidazoles: A New Polymer 
Electrolyte, Journal of the Electrochemical Society, 142 (1995) 121–123.  
[4] J. Mader, L. Xiao, T.J. Schmidt, B.C. Benicewicz, Polybenzimidazole/Acid Complexes as High-Temperature 
Membranes. In Fuel Cells II; Scherer, G. G., Ed.; Advances in Polymer Science, 216; Springer-Verlag: Berlin, 
Germany, 2008; pp 63–124.  
[5] G. Elden, M. Çelik, G. Genç, H. Yapıcı, The effects of temperature on transport phenomena in phosphoric 
acid doped polybenzimidazole polymer electrolyte membrane fuel cell Energy, 103, 2016, 772-783 
[6] P. Genova-Dimitrova, B. Baradie, D. Foscallo, .Poinsignon, J.Y. Sanchez, Ionomeric membranes for proton 
exchange membrane fuel cell (PEMFC): sulfonated polysulfone associated with phosphatoantimonic acid  
Journal of Membrane Science 185 (2001) 59 
[7] A. Iulianelli, A. Basile, Sulfonated PEEK-based polymers in PEMFC and DMFC applications: a review, 
International Journal of Hydrogen Energy, 37 (2012) 15241-1525.  
[8] Q. Li, R. He, J. Jensen, Bjerrum, PBI-based polymer membranes for high temperature fuel cells – 
preparation, characterization and fuel cell demonstration, Fuel Cells 4(3) (2004) 147-159. 
[9] A. Iulianelli, P. Ribeirinha, A. Mendes, A. Basile, Methanol steam reforming for hydrogen generation via 
conventional and membrane reactors: A review Renewable and Sustainable Energy Reviews, 29 (2014) 355–
368. 
[10] S. Authayanun, D.Saebea, Y. Patcharavorachot, A. Arpornwichanop, Effect of different fuel options on 
performance of high-temperature PEMFC (proton exchange membrane fuel cell) systems, Energy 68 (2014) 
989–997. 
[11] S. Cordiner, M. Feola, V. Mulone, F. Romanelli, Analysis of a SOFC energy generation system fuelled 
with biomass reformate, Applied Thermal Engineering, 27 (4), 2007, 738-747 
[12] M. Yari, A. S. Mehr, S. M. S. Mahmoudi, M. Santarelli, A comparative study of two SOFC based 
cogeneration systems fed by municipal solid waste by means of either the gasifier or digester, Energy, 114, 
2016, 586-602 
[13] S. Eom, S. Ahn, Y. Rhie, K.Kang, Y. Sung, C. Moon, G.Choi, D.l Kim, Influence of devolatilized gases 
composition from raw coal fuel in the lab scale DCFC (direct carbon fuel cell) system, Energy, 74, 2014, 734-
740 
[14] V. Liso, A. C. Olesen, M. P. Nielsen, S.K. Kær, Performance comparison between partial oxidation and 
methane steam reforming processes for solid oxide fuel cell (SOFC) micro combined heat and power (CHP) 
system, Energy, 36(7), 2011, 4216-4226 
[15] [access date August 2015], http://www.ultracell-llc.com/assets/UltraCell_BT-press-release-Feb-20-
2015-FINAL.pdf 
CHAPTER 4 
 
[16] S. Andreasen, S. Kær, S. Sahlin, Control and experimental characterization of a methanol reformer for a 
350W high temperature polymer electrolyte membrane fuel cell system, International Journal of Hydrogen 
Energy 38 (2013) 1676–84. 
[17] N.W. Deluca, Y.A Elabd., Polymer electrolyte membranes for the direct methanol fuel cell: a review, 
Journal of Polymer Science: Polymer Physics, 44 (2006) 2201-2225. 
[18] W.F. Lin, J.T. Wang, R.F. Savinell, On-line FTIR spectroscopic investigations of methanol oxidation in a 
direct methanol fuel cell Journal of the Electrochemical Society, 144 (1997) 1917-1922.  
[19] J.T. Wang, J.S. Wainright, R.F. Savinell, M. Litt, A direct methanol fuel cell using acid-doped 
polybenzimidazole as polymer electrolyte, Journal of Applied Electrochemistry, 26 (1996) 751-756. 
[20] J.T. Wang, S. Wasmus, R.F. Savinell, Real-Time Mass Spectrometric Study of the Methanol Crossover in 
a Direct Methanol Fuel Cell, Journal of the Electrochemical Society, 143 (1996) 1233-1239. 
[21] C. Pan, R.H. He, Q.F. Li, J.O. Jensen, N.J. Bjerrum, H.A. Hjulmand, A.B. Jensen, Integration of high 
temperature PEM fuel cells with a methanol reformer, Journal of Power Sources, 145 (2005) 392-398. 
[22] G. Avgouropoulos, T. Ioannides, J.K. Kallitsis, S. Neophytides, Development of an internal reforming 
alcohol fuel cell: Concept, challenges and opportunities Chemical Engineering Journal, 176 (2011) 95-101. 
[23] G. Avgouropoulos, S. Neophytides, Performance of internal reforming methanol fuel  cell under various 
methanol/water concentrations, Journal of Applied Electrochemistry, 42 (2012) 719–726. 
[24] G. Avgouropoulos, A. Paxinou, S. Neophytides, In situ hydrogen utilization in an internal reforming 
methanol fuel cell International Journal of Hydrogen Energy, 39 (2014) 18103-18108. 
[25] T. Iwasita, Electrocatalysis of methanol oxidation, Electrochimica Acta , 47 (2002) 3663-3674. 
[26] S.S. Araya, S.J. Andreasen, H.V. Nielsen, S.K. Kaer, Investigating the effects of methanol-water vapor 
mixture on a PBI-based high temperature PEM fuel cell, International Journal of Hydrogen Energy, 37 (2012) 
18231-18242. 
[27] S.K. Das, A. Reis, K.J. Berry, Experimental evaluation of CO poisoning on the performance of a high 
temperature proton exchange membrane fuel cell, Journal Power Sources, 193 (2009) 691-698. 
[28] George Bandlamudi, Systematic characterization of HT PEMFCs Containing PBI/H3PO4 systems. 
Thermodynamic analysis and Experimental investigations, Logos Verlad Berlin GmbH, 2011  
[29] F.A. de Bruijn, D.C. Papageorgopoulos, E.F. Sitters, G.J.M. Janssen, The influence of carbon dioxide on 
PEM fuel cell anodes.  Journal Power Sources, 110 (2002) 117-124. 
[30] M. A. Díaz, A. Iranzo, F. Rosa, F. Isorna, E. López, J. P. Bolivar, Effect of carbon dioxide on the 
contamination of low temperature and high temperature PEM (polymer electrolyte membrane) fuel cells. 
Influence of temperature, relative humidity and analysis of regeneration processes, Energy, 90, 2015, 299-
309 
[31] O. A. Velev, D.T. Tran, J.J. Kakwan, S. Gamburzev, F. Sinoneaux, S. Srinivasan Effect of bipolar plate 
materials on PEMFC performance, 19th Fall Meeting of the Electrochemical Society, San Antonio, TX, (1996), 
101 (abstract) 
[32] M. P. Brady, H. Wang, B. Yang, J.A. Turner, M. Bordignon, R. Molins, et al. Growth of Cr-nitrides on 
commercial Ni–Cr and Fe–Cr base alloys to protect PEMFC bipolar plates, International Journal of Hydrogen 
INTEGRATION OF A REFORMER WITH A HT-PEMFC – PART A 
 
121 
 
[33] S. Radhakrishnan, B.T.S. Ramanujam, A. Adhikari, S. Sivaram, High-temperature, polymer-graphite 
hybrid composites for bipolar plates: effect of processing conditions on electrical properties, Journal of 
Power Sources, 163 (2007) 702–707. 
[34] Li-gang Xia, Ai-ju Li, Wei-qiang Wang, Qiang Yin, Heng Lin, Yi-bo Zhao, Effects of resin content and 
preparing conditions on the properties of polyphenylene sulfide resin/graphite composite for bipolar plate 
178(1) (2008) 363–367. 
[35] P. Ribeirinha, M. Boaventura, J.C. Lopes, J.M. Sousa, A. Mendes, Study of different designs of methanol 
steam reformers: Experiment and modeling, International Journal of Hydrogen Energy. 39 (2014) 19970-
19980. 
[36] M. Boaventura, A. Mendes, Activation procedures characterization of MEA based on phosphoric acid 
doped PBI membranes, International Journal Hydrogen Energy, 35 (2010) 11649-11660. 
[37] N. Wagner, T. Kaz, K.A. Friedrich Investigation of electrode composition of polymer fuel cells by 
electrochemical impedance spectroscopy Electrochimica Acta 53(25) (2008) 7475–7482. 
[38] [access date december 2015],  https://www.advent-energy.com/prod_ht_pem.aspx 
[39] T. Tingelof, and J.K. Ihonen, A rapid break-in procedure for PBI fuel cells, International Journal of 
Hydrogen Energy, 34(15) 2009 6452-6456. 
[40] M. Boaventura, I. Alves, P. Ribeirinha, A. Mendes, The influence of impurities in high temperature 
polymer electrolyte membrane fuel cells performance, International Journal of Hydrogen Energy, 41(43) 16 
(2016) 19771-19780 
[41] M.K. Daletou, J.K. Kallitsis, G. Voyiatzis, S.G. Neophytides, The interaction of water vapors with H3PO4 
imbibed electrolyte based on PBI/polysulfone copolymer blends, Journal of Membrane Science, 326(1) 
(2009) 76–83. 
[42] X. Zhao, M. Yin, L. Ma, L. Liang, C. Liu, J. Liao, T. Luc, W. Xing, Recent advances in catalysts for direct 
methanol fuel cells. Energy & Environmental Science, 4 (2011) 2736–2753. 
[43] E. Christoffersen, P. Liu, A. Ruban, H.L. Skriver, J.K. Nørskov, Anode materials for low-temperature fuel 
cells: A density functional theory study, Journal of Catalysis, 199 (2001) 123–131. 
[44] Q. Li, D. Aili, H.A Hjuler, J.O. Jensen, High Temperature Polymer Electrolyte Membrane Fuel Cells, 
Springer Switzerland (2016). 
[45] A. Lotric, M. Sekavcnik, S. Hocevar Effectiveness of heat-integrated methanol steam reformer and 
polymer electrolyte membrane fuel cell stack systems for portable applications, Journal of Power Sources 
270 (2014) 166-182 
 
 
 
 
 
 
 
CHAPTER 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter 5 
 
Integration of a reformer with a HT-PEMFC – Part B 
 
 
 
 
 
5.1. Abstract 
 
In this work an integrated unit, combining a methanol steam-reforming cell 
(MSR-C) and a high temperature polymer electrolyte membrane fuel cell (HT-PEMFC) 
was operated at the same temperature (453 K, 463 K and 473 K) allowing thermal inte-
gration and increasing the system efficiency of the combined system. A novel bipolar 
plate made of aluminium gold plated was built, featuring the fuel cell anode flow field in 
one side and the reformer flow field on the other. The combined unit (MSR-C/HT-
PEMFC) was assembled using Celtec P2200N MEAs and commercial reforming catalyst 
CuO/ZnO/Al2O3 (BASF RP60). The water/methanol vaporisation originates oscillations in 
the vapour flowrate; reducing these oscillations increases the methanol conversion from 
93 % to 96 %. The MSR-C/HT-PEMFC showed a remarkable high performance at 453 K. 
The integrated unit was operated during ca. 700 h at constant at 0.2 A·cm-2, fed alter-
nately with hydrogen and reformate at 453 K and 463 K. Despite the high operating tem-
perature, the HT-PEMFC showed a good stability, with an electric potential difference 
decreasing rate at 453 K of ca. 100 µV·h-1. Electrochemical impedance spectroscopy (EIS) 
analysis revealed an overall increase of the ohmic resistances and charge transfer re-
sistances of the electrodes; this fact was assigned to phosphoric acid losses (electrodes 
and membrane) and growth of the catalyst particle size. 
 
____________________________ 
The content of this chapter is adapted from, P Ribeirinha, G Schuller, M Boaventura, A Mendes, 
Synergetic integration of a methanol steam reforming cell with a high temperature polymer electro-
lyte fuel cell, International Journal of Hydrogen Energy, 42(19) (2017) 13902-13912 
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5.2. Introduction  
 
Polymer electrolyte membrane fuel cells (PEMFC) are an established technology. 
However, there are still a few obstacles to overcome for this technology to become com-
petitive in the market of stationary and portable power sources. Hydrogen is the most 
suitable fuel for PEMFC applications but shows limitations regarding storage and trans-
portation and has a very low volume energy density. Even pressurized at 800 bar, hydro-
gen has an energy density 1.8 times lower than methanol and 3.2 than octane (gasoline) 
[1]. Methanol can be used directly in PEMFC, but shows a low performance due to poor 
oxidation kinetics and methanol crossover from the anode to the cathode [2]. Methanol 
has a high hydrogen/carbon ratio and has no carbon-to-carbon bonds, which allows low-
temperature steam reforming (513 K - 533 K), making it attractive for in-situ hydrogen 
production. Methanol steam reforming (MSR) is a more attractive reaction than auto-
thermal reforming or partial oxidation due to higher hydrogen production and low CO 
content in the product stream.  
PEMFCs based on polybenzimidazole (PBI) membranes doped with phosphoric 
acid operate at high temperatures, between 393 K and 453 K, displaying higher carbon 
monoxide tolerance (< 3000 ppm) when compared to PEMFC based on perfluorinated 
membranes (< 20 ppm) that operates at temperatures below 373 K. Commercial power 
supplies based on high temperature PEMFCs (HT-PEMFC) and fed with MSR reformate 
are presently available [3, 4]. The main challenge in this arrangement is the heat recov-
ery, in order to maximize the overall efficiency. The heat released by a PEMFC is ca. 50 % 
of the input chemical energy, representing more energy than the heat required for fuel 
heating, vaporisation and reforming reaction, all combined. However, due to the mis-
match on the operating temperature between the reformer (ca. 533 K) and the HT-
PEMFC (ca. 433 K), the heat released by the HT-PEMFC is mostly wasted. The simplest 
and most efficient approach to achieve heat integration is having both devices operating 
at similar temperatures. Efforts have been made to develop low-temperature MSR cat-
alysts allowing high methanol conversions at low temperatures (< 473 K) and low contact 
times [5, 6]. Additionally, new developments have been reported regarding solid acid 
fuel cells (SAFC) [7, 8], which operate at temperatures above 473 K. Despite the great 
advancements in both fields, the developed materials still not displaying the stability or 
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performance required. The heat integration, however, can be achieved using a commer-
cial MSR catalyst and commercial PBI based MEAs by optimizing the reformer geometry, 
flow characteristics, catalysts loading, and steam-to-carbon ratio (S/C). 
 The heat integration in PEMFCs systems has been the focus of several studies, 
most of them related with the thermal coupling of the catalytic combustors and reform-
ers [9-12]. Only few experimental studies considered the heat integration of the HT-
PEMFC and the reformer operated at the same temperature (<473 K) [13-17]; the results 
show high voltage losses, even at low current densities, due to the insufficient fuel sup-
ply from the reformer and methanol poisoning. Nevertheless, Weng et al. [17] using two-
stage temperature reformer integrated with a PBI fuel cell system operated at 473 K, 
obtained comparable results with a fuel cell system fed with pure hydrogen. The use of 
two-stage reformer allowed a higher methanol conversion compared to one-stage re-
former and reduced the oscillations on the vapour flowrate caused by the phase change 
from liquid to gas. The heat integration of a reformer and a HT-PEMFC has also been the 
focus of several numerical studies [18, 19, 20]; Lotric et al. [21] concluded that operating 
both devices at the same temperature could increase the overall efficiency by more than 
ten percentage points. Moreover, operating both devices at the same temperature in-
creases the simplicity of the system and reduces the amount of methanol burned in the 
catalytic combustor, which produces dangerous exhaust gases such as formaldehyde, 
CO and unburned methanol [22]. 
As previously mentioned the simplest and most efficient way to achieve heat in-
tegration is having both PEMFC and reformer operated at same temperature. Therefore, 
a novel MSR-C coupled with a HT-PEMFC operating at the same temperature was devel-
oped and intensively characterised at 453, 463 and 473 K. In the proposed design, MSR-
C and HT-PEMFC share an aluminium gold coated bipolar plate, which allows an efficient 
heat transfer between the two cells. The methanol conversion was further improved by 
optimising the water/methanol vaporisation system. The vaporization process originates 
flowrate oscillations that were found to be quite detrimental for the methanol conver-
sion as well for the fuel cell power output stability.  
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5.3. Experimental 
 
Bipolar plate design 
To achieve the heat integration between the MSR-C and the HT-PEMFC, the two 
devices were put together using a bipolar plate with high thermal conductivity. A novel 
bipolar plate made of gold plated aluminium with outer dimensions of 
10.2 cm x 10 cm x 13 mm was designed and manufactured, having a fuel cell flow field 
in one side and a reformer flow field in the other (Fig. 5.1). The fuel cell flow field has a 
hexa-serpentine design with outer 7.2 mm x 7.2 mm, while the reformer has a triple ser-
pentine design with total volume of ca. 30 cm3.  
 
 
Fig. 5.1 Bipolar plate made of aluminium gold plated; a) fuel cell side; b) reformer side. 
 
Assembling the integrated unit (MSR-C/HT-PEMFC) 
The membrane electrode assembly (MEAs) used were Celtec P2200N, from BASF, 
with an active area of 45 cm2. This MEA is based on phosphoric acid doped PBI mem-
brane, with total thickness of 852 µm. The catalyst loading was 1 mgPt·cm-2 and 
0.85 mgPt·cm-2 on the anode and cathode, respectively. The MEA was placed between 
one bipolar plate made of graphite composite with hexa-serpentine geometry (cathode 
side) and the new bipolar plate developed in this work (anode side), as shown in Fig. 5.2. 
PTFE gaskets with thickness of 300 µm were used to assure the fuel cell sealing; they 
provided a MEA compression of ca. 18 %. The reformer channels (Fig. 5.1b) were filled 
with ca. 40 g commercial catalyst (CuO/ZnO/Al2O3) from BASF (RP-60) with particle size 
a) b) 
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between 200-400 µm and sealed with a silicon gasket of 1.5 mm of thickness. The inte-
grate MSR/HT-PEMFC unit was covered by two metal endplates and all parts were tight-
ened by eight bolts with a torque of 5.5 N·m. 
 
Fig. 5.2 Assembly scheme of the integrated unit (MSR-C/HT-PEMFC); two metal end-plates 
frames (1), gasket (2), aluminium gold coated bipolar plate (3), MEA (4), graphite composite bi-
polar plate (5) and current collector (6). 
 
Experimental setup  
The schematic diagram of the test bench is shown in Fig. 5.3. Mass flow controllers 
from Bronkhorst (El-Flow®) were used to control the flow rates of the input gases, while 
the operating pressure was set using backpressure regulator from Swagelok (0 - 6.8 bar). 
The operating pressure was measured at the inlets of the fuel cell and reformer using 
pressure sensors from OmegaDyne Inc. (0 - 3.5 bar). The water/methanol liquid feed, 
with a steam to carbon molar ratio (S/C) of 1.5, was delivered to the evaporator using 
an HPLC pump (Knaur Smartline 1050). The evaporator was made of stainless steel tube 
with 7.5 mm of inner diameter of 250 mm of length and was filled with glass beads of 
350 µm. Several options were considered to the base configuration (Fig. 5.3a), aiming to 
obtaining a constant flowrate of the vaporised fuel, namely the introduction of a carrier 
gas (Fig. 5.3b) and an expansion vessel of ca. 2 dm3 (Fig. 5.3c). The evaporator and MSR-
C/HT-PEMFC unit were placed inside an oven and the temperature was controlled using 
a Eurotherm 3016 PID controller. The reformate stream passed through a cold trap 
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(based in a thermoelectric element) to remove the condensable components; the flow 
of the non-condensable components was measured using a mass flow meter (Bronk-
horst El-Flow®) hydrogen and carbon dioxide concentration was determined using a 
mass spectrometry (Pfeiffer OmniStartm). The system was controlled using an applica-
tion developed in LabView (National Instruments) and the electrochemical tests were 
performed using a Zahner IM6e electrochemical workstation coupled with a potenti-
ostat PP-241.  
 
 
Fig. 5.3 Scheme of the experimental unit used for the MSR-C/HT-PEMFC characterization. 
 
Activation of the MEA and the methanol steam reforming catalyst 
The MEA was activated at constant load of 0.20 A·cm-2 and at 433 K for at least 
50 h, with stoichiometry of 2 for air (λAir) and 1.2 for hydrogen (λH2), as recommended 
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by the supplier. During the activation of the MEA, the reformer catalyst was also acti-
vated using vented hydrogen from the anode outlet [23].  
 
Electrochemical characterization of the MSR-C/HT-PEMFC combined system 
The performance of the reformer was assessed immediately after the catalyst ac-
tivation using a water/methanol mixture with a molar steam to carbon ratio (S/C) of 1.5. 
The methanol conversion was determined at different space-time-ratios (mcat/FMeOH) and 
operating temperatures (between 453 K and 473 K). The HT-PEMFC characterization was 
performed with λAir of 2 and λH2 of 1.2, between 433 K and 473 K; the anode was fed 
with different fuels: pure hydrogen, gas mixture with volume fractions of 75% H2 and 
25 % CO2 and reformate supplied directly from the MSR. The HT-PEMFC and the inte-
grated unit MSR-C/HT-PEMFC were characterized by electrochemical impedance spec-
troscopy (EIS) and polarization curves. Nyquist spectra were obtained at 0.2 A·cm-2, be-
tween 100 kHz and 100 mHz with a perturbation amplitude of 5 mV. Polarization curves 
were obtained galvanostatically between 0.05 A·cm-2 and 0.6 A·cm-2. The water/metha-
nol flow rates were adjusted according to the fuel cell current density and they were 
established based on the hydrogen production observed for the fresh reforming catalyst, 
as depicted in Table 5.1.  
 
Table 5.1 Water/methanol flow rates used to feed the reformer at different current densities.  
HT-PEMFC current density 
(A∙cm-2) 
Water/methanol flow rate 
(cm3∙min-1) 
0.05 0.03 
0.1 0.04 
0.2 0.08 
0.3 0.11 
0.4 0.15 
0.5 0.20 
0.6 0.23 
 
A stability test of the integrated device was performed; the electrical potential 
difference history at 0.2 A·cm-2 was followed during ca. 700 h and polarization curves 
were performed every 20 h. The HT-PEMFC operated 250 h with hydrogen at 453 K, 
200 h with reformate at 453 K, 150 h with hydrogen fuel at 463 K and 100 h with refor-
mate fuel at 463 K. 
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For interpreting the Nyquist spectra, an equivalent electric model was used as 
presented in Fig. 5.4 [24, 25]. The two first parallel RC circuits connected in series repre-
sent the rate determining processes at the anode (Rct,a, CPEa) and cathode (Rct,c, CPEc); 
Rct,a and Rct,c corresponds the charge transfer resistance between electrode and electro-
lyte due to electrochemical reaction at the anode and at the cathode sides, respectively, 
whereas CPEa and CPEc are constant phase elements due to the creation of an electric 
double layer between the electrode and the electrolyte. The two RC circuits are con-
nected by an ohmic resistance, Rohmic, representing the ohmic losses mainly in the elec-
trolyte membrane. The third parallel RC circuit (RN, CN) represents the limitations in mass 
transport processes (finite diffusion limitations), where RN is a resistance and CN is a ca-
pacitor. One coil or inductive element (L) was added to describe the inductance of the 
EIS equipment cables. The SIM module from Thales software (Zahner-Elektrik GmbH) 
was used to fit the model to the experimental data.  
 
 
 
Fig. 5.4 Fuel cell equivalent circuit model used in the analysis of the impedance data. 
 
5.4. Results and Discussion 
 
5.4.1. Vaporisation of the water/methanol fuel stream 
 
The water/methanol vaporisation generates flowrate oscillations in the vaporised 
fuel stream that affects significantly the methanol conversion. Several authors reported 
reformate flowrate oscillations, but they disregarded this issue [17, 26]. Fig. 5.5 shows 
the reformate flow rate history for different vaporisation systems. 
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Fig. 5.5 The reformate flow rate as a function of time for different setup configurations, with a 
liquid water/methanol flow rate of 0.16 cm3·min-1 at 453 K  
 
The base configuration, as depicted in Fig. 5.5a, produces flow rate oscillations of 
ca. 50 cm3·min-1 for a nominal vapour flowrate of ca. 230 cm3·min-1. This system com-
prises a heated column filled with glass beads fed using a HPLC pump. The introduction 
of a carrier gas (30 cm3·min-1 of nitrogen), as suggested by some authors [5, 6], originated 
even larger flowrate oscillations (Fig. 5.5b). The carrier gas mixed with liquid/mixture 
generates a saturated vapour flow, which diminishes the vapour flowrate oscillations; 
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but, high flowrates of the carrier gas reduces the hydrogen concentration in the refor-
mate stream, affecting the FC performance. Introducing an expansion vessel (Fig. 5.5c), 
on the other hand, reduced significantly flow rate oscillations (ca. 3 cm3·min-1) for the 
same nominal vapour flowrate of 230 cm3·min-1. The water/methanol phase transition 
originates pressure variations that are felt upstream and downstream of the evaporator; 
the presence of an expansion vessel before the evaporator allows the liquid to go back 
dissipating this pressure energy. The highest methanol conversion, 96 %, was achieved 
with the last configuration at 453 K and space-time ratios of 975 kg·mol-1·s-1; the base 
configuration produced a methanol conversion of 93 %, while the configuration using a 
carrier gas (N2 at 30 cm3·min-1) originated a methanol conversion of 90 % for the same 
operating conditions. The vaporisation system configuration with an expansion vessel 
was the selected one.  
 
5.4.2. Characterization of the cellular refomer 
 
The MSR-C was characterized at high space-time ratios (mcat/FMeOH 
>650 kg·mol-1·s) and temperatures between 443 K and 473 K (Fig. 5.6). To minimize the 
pressure drop in the catalyst bed, the MSR-C was designed with a triple serpentine ge-
ometry (Fig. 5.1b) instead of o single serpentine, the maximum pressure drop observed 
at the highest water/methanol flow rate (0.23 cm3·min-1) was less than 0.2 bar.  
 
 
Fig. 5.6 Methanol conversion as a function of space-time ratio for different reforming tempera-
tures; lines represent the trend and were added for readability.  
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The MSR-C showed a high performance, similar to the one obtained with a tubular 
reactor loaded with the commercial catalyst [27]. At 453 K and 463 K full conversion was 
obtained at space-time ratios above ca. 1200 kg·mol-1·s and 1000 kg·mol-1·s, respectively, 
while at 473 K, full methanol conversion was observed for >650 kg·mol-1·s. Below 443 K, 
full methanol conversion is attained only for space-time ratios >>2000 kg·mol-1·s. In this 
work, the CO content was not determined since CO concentrations lower than 3000 ppm 
[27] do not to affect the significantly HT-PEMFC performance [13].   
The FC anode feed at the different current densities was determined based on the 
hydrogen produced by the MSR-C using the fresh reforming catalyst, assuming 100 % of 
coulombic efficiency and λH2 = 1.2. Fig. 5.7 and 5.8 shows the methanol conversion and 
reformate composition as function of the FC current density, respectively. Higher oper-
ating temperatures allows higher hydrogen production and consequently the fuel cell 
can operate at higher current densities, with lower concentration of methanol in refor-
mate stream; small amounts of methanol should be found at 463 K, <1%, even when the 
fuel cell operates at current density of 0.6 A·cm-2. The MSR-C/HT-PEMFC unit, at 453 K, 
can operate up to a current density of 0.5 A·cm-2, with more than 90 % of methanol con-
version. Lower operational temperature, <453 K, will decrease significantly the maxi-
mum operating current density.  
 
 
Fig. 5.7 Methanol conversion as a function of the current density for different operating temper-
atures; lines were added for readability.  
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Fig. 5.8 Methanol (triangle), water (diamond), carbon dioxide (square) and hydrogen (circle) 
composition as a function of the current density at 453 K(empty symbols), 463 K(pattern symbols) 
and 473 K (filled symbols); 
 
5.4.3. Characterization of the combined MSR-C/HT-PEMFC unit  
 
The HT-PEMFC after the activation was characterized with pure hydrogen at dif-
ferent temperatures (Fig. 5.9). The HT-PEMFC showed high performance as expected for 
this type of MEA [4, 28].  
 
 
Fig. 5.9 Electric potential difference as function of the current density for temperatures between 
433 K and 473 K – fuel cell fed with hydrogen; lines were added for readability. 
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Increasing the operating temperature of the HT-PEMFC, the polarization curve 
shifts to higher potentials for the same current density, due to the improvement of elec-
trochemical reaction kinetics and slightly higher proton conductivity [28]. Above 453 K 
and especially at high current densities, increasing the temperature shows less influence 
in the potential difference values. After the electrochemical characterization with pure 
hydrogen, the HT-PEMFC was also characterized with a H2/CO2 mixture and with refor-
mate directly from the MSR-C, at several temperatures. Fig. 5.10 shows the polarization 
curves at different temperatures with pure hydrogen, reformate and H2/CO2 mixture.  
 
 
Fig. 5.10 Electric potential as function of the current density for a) 453 K, b) 463 K and c) 473 K, 
using three fuel streams: pure hydrogen, H2/CO2 mixture and methanol reformate. 
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At 453 K, the potential difference values are slightly higher for hydrogen when 
compared to the H2/CO2 mixture. The values obtained with reformate are slightly lower 
than the ones obtained for hydrogen, but very close to the ones obtained for the H2/CO2 
mixture, Fig. 5.10(a); this indicates a quite high methanol conversion at the MSR. The 
small decrease in the performance with reformate fuel compared to hydrogen can be 
attributed to the hydrogen dilution. It is clear from Fig. 5.10 (b) and (c) a positive effect 
of the temperature increase in the HT-PEMFC performance for H2/CO2 mixture and refor-
mate. It was showed by Waller et al. [30] that increasing the temperature or the feed 
pressure could significantly mitigate the dilution effect of hydrogen in the feed stream. 
Additionally, higher methanol conversions are achieved at higher temperatures, which 
decreases the methanol content in the reformate stream.  
To understand the influence of the temperature on the fuel cell performance, an 
EIS analysis was performed. The Nyquist plot obtained at 0.2 A·cm-2 with hydrogen 
(Fig. 5.11) shows a reduction in the size of the semi-circles associated with anodic pro-
cesses (high frequencies) and cathodic processes (intermediate frequencies) as temper-
ature increases, indicating an improvement in the electrochemical reaction kinetics. 
Slight differences are observed in the Nyquist plots obtained at 463 K and 473 K, in ac-
cordance to what is observed in the polarization curves (Fig. 5.9). The ohmic resistance 
(interception of the Nyquist plot with the real axis) is not significantly affected by the 
temperature in the studied temperature range; the same behaviour is observed at 
higher current densities (data not shown).  
 
Fig. 5.11 Nyquist plot at 0.2 A·cm-2 immediately after the activation with hydrogen and for dif-
ferent operating temperatures.  
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Increasing the temperature from 453 K to 463 K, the Nyquist plot with reformate 
approaches to the Nyquist plot with hydrogen – Fig. 5.12; as the reforming temperature 
increases the methanol conversion increases towards complete conversion, mitigating 
the effect of hydrogen dilution and the proton conductivity decrease due to methanol 
solubility into the phosphoric acid. Further increase to 473 K does not significant affect 
the comparative electrochemical performance of the fuel cell fed with reformate vs with 
hydrogen, Fig. 5.12. Moreover, assuming full methanol conversion, the reformate con-
tains a volume fraction of ca. 11 % of unreacted water, but no significant change is ob-
served in the Rohmic, when compared with hydrogen, Fig. 5.12; similar result was obtained 
by Boaventura et al. [28] using the same type of commercial MEA.  
 
Fig. 5.12 Nyquist plots at 0.2 A·cm-2 with reformate and hydrogen at a) 453 K, b) 463 K and c) 
473 K.  
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5.4.4. Stability test of the combined unit 
 
The MSR-C/HT-PEMFC device was operated during ca. 700 h at constant at 
0.2 A·cm-2, alternating the feed between hydrogen and reformate and the temperature, 
between 453 K and 463 K; Fig. 5.13 illustrates these operating conditions and ∆V histo-
ries. The initial ∆V increase in the Period I (at 453 K and using hydrogen fuel) is related 
to the MEA stabilization. After this stabilization period the ∆V variation rate decreased 
at 100 µV·h-1 for Period I – hydrogen feed and operation at 453 K. In long term stability 
tests of HT-PEMFC equipped with Celtec®-P 1000 MEA at 433 K and constant current 
density of 0.2 A·cm−2, the typically potential difference loss is ca. 5 μV·h−1 [31, 32, 33]. 
However, shorter stability tests <1000 h at the same operating conditions show higher 
∆V losses of ca. 25 µV·h-1 [34, 35]. The higher ∆V losses during the first 1000 h are nor-
mally attributed to the catalyst particle size growth [34, 35]; should be noted that in this 
study, not only were the test performed at higher temperature than the literature stud-
ies (>453 K), but the MEA was not fresh due to the initially characterization at different 
temperature (453 K to 473 K) with different fuels. Oono et al. [36] studied the effect of 
temperature on HT-PEMFC degradation and concluded that increasing the operating 
temperature results in a higher cell ∆V, but decrease cell lifetime due to a faster growth 
of the catalyst particle size and a higher evaporation rate of the phosphoric acid. In this 
study, the operation of the MSR-C/HT-PEMFC at lower temperatures (<453 K) would re-
duce the MEA degradation rate [36], but it would limit the maximum current densities 
to lower values while high operating temperatures (>463 K) are beneficial for the meth-
anol conversion and consequently the maximum current densities. 
When the feed was switched from hydrogen to reformate, instant t = 250 h (Pe-
riod II, Fig. 5.13), the ∆V loss rate increased but only slightly, to 138 µV·h-1; this should 
be related to the very low methanol content of the reformate stream. Araya et al. [37] 
reported a degradation rate, also for Celtec MEAs, of 900 µV·h-1 using a synthetic refor-
mate stream with an overall water and methanol volume fraction of 2.5 %. Increasing 
the temperature from 453 K to 463 K and changing from reformate to hydrogen, instant 
t =420 h (Period III), increased slightly the electric potential difference and the ∆V loss 
rate decreased slightly to 97 µV·h-1. However, the increase in operating temperate from 
453 K to 463 K did not affect the stability of the MEA during the studied period, is ex-
pected higher ∆V drop at higher temperatures for long-term tests (>1000 h) [36]. After 
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switching the feed from hydrogen to reformate (Period IV), instant t =600 h, a sudden 
shut down occurred, recovering afterwards; the observed potential loss rate for this pe-
riod was 80 µV·h-1, close but lower than for the previous period when the feed was hy-
drogen. At 463 K, full methanol conversion is expected (Fig. 5.7 and 5.8), where any trace 
of methanol that may be present 453 K is converted, contributing for the stability of the 
MEA.  
 
 
Fig. 5.13 Aging experiment of the MEA (Celtec®-P 2200N) – ∆V and potential difference loss rate 
(∆(∆V)) as function of time at 0.2 A·cm-2. The HT-PEMFC operated first at 453 K and then at 463 
K. The feed was changed from hydrogen to reformate for the two operating temperatures. 
 
In attempt to clarify the origin of voltage loss during the durability test, an EIS 
analysis was performed. The Nyquist plots of the HT-PEMFC are given in Fig. 5.14, ob-
tained at 0.2 A·cm-2 at 453 K and 463 K and for hydrogen and reformate feeds. The re-
sistances (ohmic, charge transfer at anode and cathode and mass transport) presented 
in the Fig. 5.15 were obtained fitting the electric equivalent circuit (Fig. 5.4) to the ex-
perimental data (Fig. 5.14)  
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Fig. 5.14 Nyquist plots of the as a function of time for 0.2 A·cm-2. The HT-PEMFC operated first 
at 453 K and then at 463 K. The feed was changed from hydrogen to reformate for the two oper-
ating temperatures. 
 
 
Fig. 5.15 Ohmic, charge transfer at the anode and cathode and mass transport resistances as a 
function of time for 0.2 A·cm-2. The HT-PEMFC operated first at 453 K and then at 463 K. The feed 
was changed from hydrogen to reformate for the two operating temperatures. 
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During Period I, Rohmic increased slightly (Fig. 5.15), with an increasing rate of 
0.9x10-4 Ω·cm2·h-1. When hydrogen was replaced by reformate, Period II, the same in-
crease rate was observed. The presence of water in the reformate can increase the pro-
ton conduction in the membrane and at the catalyst layer, but can also have a detri-
mental effect due to phosphoric acid leaching [38]. Moreover, the presence of methanol 
in the fuel, even in small amounts, during long operation periods has been reported to 
influence the Rohmic leading to membrane thickness reduction and mechanical degrada-
tion of the membrane [28]. The similar Rohmic increasing rate (ca. 0.9x10-4 Ω·cm2·h-1), 
shows a negligible effect of the water presence or by the presence of any trace of meth-
anol in the feed stream. Increasing the temperature to 463 K leads to higher Rohmic values 
and to slightly faster increase rate of Rohmic, 1.1x10-4 Ω·cm2·h-1 and 1.4x10-4 Ω·cm2·h-1, re-
spectively for hydrogen and reformate fuels. This increase should be related to the fast 
evaporation of the phosphoric acid from the membrane and catalyst layer; the phos-
phoric acid vapour pressure increases more than 50 % when temperature increases from 
453 K to 463 K [36,39]. When hydrogen was replaced by reformate an initially jump on 
the Rohmic, was observed, caused by the shutdown during the change of fuels. 
In the equivalent electric model (Fig. 5.4), two parallel RC circuits in series were 
used, representing the electrochemical process in the anode and cathode. Therefore, 
the first semicircle in the Nyquist plot (Fig. 5.14) is composed by two overlapped semi-
circles. However, decoupling these semicircles in HT-PEMFCs is hard to achieve, leading 
several authors [36, 40] to use just a single RC circuit representing the electrochemical 
processes for both electrodes. In the other hand, using two parallel RC the effects of the 
reformate contaminants (CO2, CO, water, methanol) in the anode and cathode catalyst 
could be evaluated separately.  
The charge transfer resistance at the anode (Rct,a) shows a slight increase during 
Period I (Fig. 5.15); typically this increase is attributed to the catalyst agglomeration, car-
bon corrosion and acid loss from the electrode [34, 35]. When hydrogen was replaced 
by reformate feed, Period II, a slower increase of the Rct, a was observed, which was as-
signed to the decrease of catalyst agglomeration with the operating time [36, 40, 41]. It 
can be also concluded that CO2, CO, water and traces of methanol present in the refor-
mate stream had a negligible effect on the Rct,a. Increasing the temperature to 463 K and 
changing the fuel to hydrogen, Period III, resulted in an immediate decrease of the Rct,a. 
The electrical charge transfer resistance is typically assumed to be related to the catalyst 
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activity of the cathode and anode; therefore, increasing the operating temperature 
should increase the catalyst activity promoting the electrochemical reactions resulting 
in an increase of the cell voltage. Several authors reported similar reduction of the 
charge transfer resistance with temperature increase in HT-PEMFCs [42, 43]. However, 
during this period, the increasing rate of Rct,a was higher than during Period I – 453 K. 
Although higher operating temperatures could enhance the reaction rates, the degrada-
tion of the catalyst activity (agglomeration) and loss of catalytic particles due to carbon 
corrosion make Rct,a to increase [40]. When hydrogen was changed to reformate feed at 
463 K, Period IV, an unexpected shutdown of the HT-PEMFC happened, which resulted 
in immediately jump on the Rct,a to high values. During Period IV Rct,a continued to in-
crease but with a slower rate than the observed previously with hydrogen fuel. The 
charge transfer resistance at the cathode Rct,c shows the same trend of the Rct,a for the 
different fuels and operating temperatures. Any reduction in the active catalyst surface 
area due to agglomeration should take place on both anode and cathode electrodes with 
approximately the same extension. The Rct,c value is higher than Rct,a due to the lower 
reaction rate of oxygen reduction at the cathode when compared to the hydrogen oxi-
dation at the anode. Finally, the mass transport resistance (RN) in Period I showed no 
significant variation during the first 250 h. With reformate as fuel, Period II, an increase 
in the RN was observed. The mass transport resistance is related to the diffusion rate of 
the reactant gases (hydrogen and oxygen) through the pores of the electrode and the 
solubility and diffusivity in the absorbed phase of the reactant gases through the phos-
phoric acid, which impregnates the catalyst layer [40,42]. Therefore, in the anode side 
the simple dilution of the hydrogen can affect RN, since the presence of CO2, CO, water 
and methanol make the hydrogen diffusion in the absorbed phase slower (competitive 
absorption in the phosphoric acid). Moreover, that species (CO2, CO, water and metha-
nol) can also adsorb in the catalyst metal surface limiting the access of hydrogen to the 
active sites and then increasing the RN [15]. In Period III, a sudden decrease of RN was 
observed, showing that the negative effect caused by the reformate presence in RN was 
reversible. Increasing the operating temperature increases the gas diffusion rates, but 
also reduces the gas solubility. The dominating effect on RN depends on the current den-
sity; according Zhang et al. [42] at high current densities the gas solubility dominates and 
at lower current densities, the gas diffusivity dominates. The Nyquist plots, in this work, 
were obtained at 0.2 A·cm−2; therefore, the gas diffusion should play the main role. Since 
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the gas diffusion increases with the temperature, RN should decrease. During the follow-
ing 150 h of operation with hydrogen at 463 K, Period III, a slight increase of RN was ob-
served. However, the operation at higher temperature should enhance the oxidation of 
carbon to CO and CO2 and change the porosity of the backing/catalyst layer, which can 
explain the increase of RN as a function of the time [40]. When hydrogen was replaced 
by reformate, Period IV, a shutdown of the HT-PEMFC occurred, as previously men-
tioned, which may had affected the carbon support and resulted in small jump on RN to 
higher values. During the following 100 h of operation with reformate no significant var-
iation of RN was observed.   
 
5.5. Conclusions 
 
In this work, an integrated unit combining a MSR-C and HT-PEMFC was built and 
operated at the same temperature (453 K, 463 K and 473 K). For that purpose, a novel 
bipolar plate made of aluminium gold plated featuring the fuel cell anode flow field in 
one side and the reformer flow field on the other was developed. 
The water/methanol vaporisation generates flowrate oscillations in the vaporised 
fuel stream; these flowrate oscillations were found to be quite detrimental for the meth-
anol conversion and for the power output of a fuel cell. The introduction of an expansion 
vessel between the HPLC pump and the evaporator, allowed a remarkable reduction of 
the flow rate oscillations and increase of the methanol conversion from 93 % to 96 %. 
The combined MSR-C/HT-PEMFC system displayed a remarkable performance at 
453 K and the highest reported in the literature for similar devices. When the fuel cell 
was fed directly with reformate from the MSR-C, the performance was only slightly lower 
than the obtained with hydrogen. An improvement of the electrochemical reaction rate 
with temperature was observed for both fuels; the ohmic resistance of the MEA was not 
significantly affected by the temperature neither by the fuel used (hydrogen/reformate). 
The MSR/HT-PEMFC combined device was operated during ca. 700 h at 0.2 A·cm-2, 
first at 453 K and then at 463 K, fed alternately with hydrogen and reformate. The device 
demonstrated quite good stability considering the high operating temperature (453 K 
and 463 K); the ∆V decreasing rate at 453 K with hydrogen was 100 µV·h-1, slightly lower 
than that for the reformate, 138 µV·h-1. Increasing the temperature to 463 K did not af-
fect significantly the ∆V variation rate for both fuels. The EIS analysis also demonstrated 
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that using reformate as fuel had no significant influence in MEA degradation compared 
to hydrogen during the studied period.  
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 Chapter 6 
 
Integration of a reformer with a HT-PEMFC – Part C 
(modelling) 
 
 
 
 
 
6.1. Abstract 
 
A 3-dimensional non-isothermal simulator comprising a high temperature poly-
mer electrolyte membrane fuel cell (HT-PEMFC) and a methanol steam-reforming cell 
(MSR-C) was developed in Fluent (Ansys™). The simulator takes into account most of the 
significant physical processes, including the electrochemical reactions and carbon mon-
oxide poisoning effect on the electro-catalytic activity of the FC; it also considers the 
methanol steam reforming (MSR), water gas shift (WGS) and methanol decomposition 
(MD) reactions in the MSR-C. The developed model for the integrated MSR-C/HT-PEMFC 
unit was simulated between 443 K and 473 K and validated with experimental results 
reported in the literature, showing always a very good agreement. The thermal sustain-
ability of the integrated unit was assessed, and the role of the thermal insulation and air 
intake (cathode) stoichiometry in the thermal equilibrium of the device were analysed. 
A novel MSR-C/HT-PEM stack with ten cells was proposed and simulated, showing a per-
formance above the reported in the literature for similar devices. The results indicated 
that the proposed stack operates at currents between 4.5 A (0.1 A·cm-2) and 54 A (1.2 
A·cm-2) without any external heat source. To minimize the degradation of the compo-
nents the stack should adapt the operating temperature to the current density. 
____________________________ 
The content of this chapter is adapted from, P. Ribeirinha, M. Abdollahzadeh, J. Sousa, M. 
Boaventura, A. Mendes, Modelling of a high-temperature polymer electrolyte membrane fuel cell 
integrated with a methanol steam reformer cell, Applied Energy 202 (2017) 6-19 
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6.2. Introduction  
 
High temperature polymer electrolyte membrane fuel cells (HT-PEMFCs) operate 
at temperatures between 393 K and 453 K and can be directly fed with methanol refor-
mate stream without H2 purification, due to its high tolerance to carbon monoxide 
(< 3000 ppm) [1-3]. The great challenge of the HT-PEMFC devices is the recovery of the 
heat using a simple approach, avoiding heat exchangers, evaporators and chemical re-
actors [4]. A HT-PEMFCs wastes ca. 50 % of the input chemical energy in the form of 
heat, more energy than the heat required for fuel vaporization and MSR reaction com-
bined; to increase the energy efficiency, the thermal integration is mandatory. Several 
studies have been reported concerning the heat integration of HT-PEMFCs with in-situ 
hydrogen production systems, mostly focusing their attention to the thermal coupling 
with catalytic combustors and reformers [5-12]; the heat losses to the environment are 
considered a critical factor to the overall efficiency of the system, mainly in the small 
scale applications [11,12]. The heat integration of a HT-PEMFC and a reformer operated 
at the same temperature (<473 K) was only considered by a few authors, [13-17]. Pan et 
al. integrated a two-cell HT-PEMFC stack with a MSR, operating both devices at the same 
temperature, between 453 K and 473 K [13]. The results showed high voltage losses 
(160-200 mV) even at 473 K and low current densities, due to insufficient fuel supply 
from the reformer and the presence of residual methanol in the reformate stream. Av-
gouropoulos et al. incorporated the methanol reforming catalyst in the HT-PEMFC an-
odic compartment, naming this approach internal reforming methanol fuel cell (IRMFC) 
[14-15]. The results showed very low fuel cell performance due to insufficient fuel supply 
and catalyst poisoning by methanol. Nevertheless, Weng et al. using a two-stage tem-
perature reformer integrated with a HT-PEMFC at 473 K obtained comparable results to 
a HT-PEMFC feed with pure hydrogen [17]. The first stage of the reformer was operated 
at 473 K using the heat release by the HT-PEMFC, while the second stage was operated 
at 513 K using a burner run with the wasted hydrogen from the fuel cell. Compared to 
one-stage reformer, the two-stage reformer allowed higher methanol conversion and 
lower fluctuations in the reformate flow rate caused by the water/methanol evapora-
tion. The authors reported recently a combined methanol steam reformer cell (MSR-C) 
and a HT-PEMFC, run at the same temperature, 453 K, displaying rather high current 
densities (> 0.5 A·cm-2) [18, 19]. To assemble the combined unit (MSR-C/HT-PEMFC) two 
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novel bipolar plates were used, featuring the fuel cell flow field in one side and the re-
former flow field in the other. In the first study, a membrane electrode assembly (MEAs) 
based on pyridine type structure membrane from Advent TPS® [18] was used, while in 
the second study, a MEA based on PBI phosphoric acid doped membrane from BASF [19] 
was used. The combined unit assembled with a MEA from BASF showed higher perfor-
mance and long-term stability than the combined unit with a MEA from Advent TPS®. 
Moreover, the performance of the combined unit assembled with the MEA from BASF 
was similar to the FC fed with pure hydrogen.  
Several numerical studies simulating combined fuel cell/reformer units/combus-
tors have been reported [four, 20-22]. Sahlin et al. [4] investigated numerically and ex-
perimentally a 5 kW fuel cell system using a thermal fluid. The device used two separate 
circuits, where the heat was transferred between the reformer and the burner operating 
at high temperature and between the fuel cell and evaporator operating at low temper-
ature. The authors obtained an efficiency of the system of 28-30 %. Lotric et al. [23] used 
Aspen Plus® to study the thermal integration of all endothermic and exothermic pro-
cesses present in a power supply based on PEMFC stack and a methanol reformer. The 
authors considered a low-temperature PEMFC (working at 343 K), a conventional high-
temperature PEMFC (working at 453 K); in the latter case, the authors considered the 
presence of a novel nanocomposite polymer membrane with a water-insoluble solid pro-
ton conducting electrolyte operating at 528 K, matching the operating temperature of 
the reformer. The results indicate that operating both systems at the same temperature 
increases more than ten percentage points the overall efficiency. Moreover, operating 
at the same temperature increases the simplicity of the system and eliminates the need 
to burn methanol to heat up the system, which can produce dangerous exhaust gases 
such as formaldehyde and CO [24]. Avgouropoulos et al. [25] assessed experimentally 
and by simulation the concept of a 70W IRMFC stack. The IRMFC stack was operated at 
473 K; the maximum current density was rather low and stability of the combined unit 
was not assessed. Most of these numerical studies of combined HT-PEMFC / fuel pro-
cessor units are one-dimension [20-23, 25], modelling micro-combined heat and power 
(CHP) plants [4, 20-23]. However, sophisticated numerical models of HT-PEMFCs based 
on PBI membrane doped with phosphoric acid are also available in the literature [26-36] 
and were summarized by Q. Li et al [26]. These models for HT-PEMFC focus on the effect 
of the cell design and operating conditions [27-28], the effect of temperature [29,30], 
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the CO poisoning effect [31,32,33], the gas crossover through the membranes [34], the 
gas humidification [35], mechanical and thermal stress-deformation [36] on the polari-
zation curves of the HT-PEMFC. However, these sophisticated numerical models have 
never been applied to study the heat integration of HT-PEMFC and MSR.  
In the present work, the heat integration of a HT-PEMFC with a methanol steam 
reformer cell (MSR-C) was studied by simulation and validated with experimental data 
published by the authors [19]. The physical model considers an integrated unit (MSR-
C/HT-PEMFC) using a novel bipolar plate designed to feature a fuel cell anode flow field 
in one side and the reformer flow field in the other. The mathematical model considers 
the electrochemical reactions at the anode and cathode catalyst layers, the tempera-
ture, the CO content in the anode fuel, the phosphoric acid doping level and the influ-
ence of the water content on the membrane proton conductivity. The CO poisoning 
model was based on the work developed by Springer et al. [37] and adapted to HT-
PEMFC [31, 32, 33]. This model accounts for the electrochemical oxidation of CO, as well 
as the adsorption/desorption processes of CO and hydrogen on Pt catalyst surface. In 
the reformer, it was considered the kinetic model developed by Peppley et al. [38] and 
adapted by the authors for the commercial catalyst BASF RP60 [40]. The kinetic model is 
based on a Langmuir–Hinshelwood model with an overall reaction network comprising 
methanol steam reforming (MSR) reaction, reverse water-gas-shift (RWGS) and metha-
nol decomposition (MD). The simulation results were analysed and validated based on 
the performance of the HT-PEMFC and MSR separated and combined. The effect of the 
reformate contaminants (CO, CO2, CH3OH and H2O) and operating temperature on the 
performance of the MSR-C/HT-PEMFC combined unit was assessed. The thermal sustain-
ability of the combined unit was also analysed, focusing on the level of thermal insulation 
and temperature control required for real applications. A MSR-C intercalated with a HT-
PEMFC in a combined stack arrangement operating at similar temperature would sim-
plify the heat integration and maximize the overall energy efficiency. Therefore, a novel 
integrated MSR-C/HT-PEM stack with ten cells is pro-posed; the simulations show that 
this stack can achieve high current densities (1.2 A·cm-2), above the re-ported in the lit-
erature for similar devices [13, 17, 25], without external heating. The stack operating 
conditions such as temperature, water/methanol flow rate, hydrogen and air flow rate, 
current density, potential or heat produce/consumed are studied.   
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6.3. MSR-C/HT-PEMFC model 
 
6.3.1. Problem description 
 
The model of the MSR/HT-PEMFC combined unit considers a bipolar plate with a 
fuel cell flow field in one side (Fig. 6.1a) and a reformer flow field in the other (Fig. 6.1b). 
The detailed information and experimental characterization of the combined unit can be 
found elsewhere [19].  
 
 
Fig. 6.1 Bipolar plate made of gold plated aluminium. a) Fuel cell side; b) reformer side. 
 
One third of the combined unit was modelled: one straight channel of the re-
former and two straight and parallel channels of the anode and cathode, matching the 
real channel length of the physical device, as shown in the mesh configuration in Fig. 6.2; 
the other two thirds were assumed symmetric. Anode and cathode gas diffusion layers 
(GDL), anode and cathode catalyst layers (CL) and membrane are modelled. The dimen-
sions of the anode and cathode GDL, anode and cathode CL and membrane were esti-
mated based on the scanning electron microscope image of the BASF Celtec P2200N 
MEA, as depicted in Fig. 6.3; the relevant physical parameters are summarized in Ta-
ble 6.1. The dimensions of the MEA change due to the compression during the assembly 
of the fuel cell. Most of the compression occurs in the GDL, where the porosity and thick-
ness are modified. However, in HT-PEMFCs the reagent/products transport to and from 
the CL is slightly affected by this compression. Therefore, the actual dimensions of a new 
MEA were used in the model. The anode and cathode gas streams are fed in co-current 
and the water/methanol mixture is fed in counter current. The anode can be fed with 
a) b) 
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pure or diluted hydrogen, or with reformate. The heat is supplied to the combined sys-
tem only through the end plates (vertical sidewalls - Fig. 6.2). 
 
Fig. 6.2 Computational domain and mesh configuration of the MSR-C/HT-PEMFC. 
 
 
Fig. 6.3 SEM image of the cross section of the BASF Celtec MEA P2200N. 
 
Table 6.1 MSR/HT-PEMFC physical properties. 
Parameter Value 
Thickness (δ, µm)  
CLa, CLc, GDLa,c, membrane  
40, 30, 350, 65 
Reformer channel (mm) – length, width, depth  312.5, 4, 8 
Ano/Cat channel (mm) –  length, width, depth, rib width  312.5, 1.5, 1.4, 1 
Porosity (ε) – GDL, CL, MSRcat 0.6, 0.1, 0.32 
Electrolyte volume fraction (lm) 0.754 
Phosphoric acid doping level (DL) 16.76 
Permeabilities (Pe, m2)  –  GDL, CL, CatMSR [29] 1x10-13, 1x10-12, 1x10-11 
Volumetric mass density (ρ, kg·m-3) – CLa,c, GDLa,c, membrane, 
MSRcat [30,40] 
1000, 1000, 1000, 1300 
Specific heat capacity (Cp, J.kg-1.K-1) – CLa,c, GDLa,c, membrane, 
MSRcat[30,40] 
3300, 586, 1650, 1580, 
800 
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Thermal conductivity (K, W·m-1·K-1) - CLa,c, GDLa,c, membrane, 
MSRcat[30,40] 
1.7, 1.7, 0.95, 237.0, 
0.3 
Electric conductivity (σs, S·m-1) – CLa,c, GDLa,c, BPP[29] 1250, 1250, 14000 
Stoichiometry (λ) anode (H2), cathode (O2)  1.2, 2 
Steam to carbon ratio (s/c)  1.5 
Operating pressure (P, bar) 1 
Operating temperature (T, K) 433-473 
Relative humidity of gases  0 
MSRcat mass (mcat, kg) 0.013 
 
6.3.2. Mathematical model 
 
The present work considers a three-dimensional non-isothermal model for HT-
PEMFC integrated with a reformer that considers most of the significant physical pro-
cesses, including CO poisoning. The model follows a single domain approach, including 
a full description of the transport of charge, mass and thermal energy in a single-phase 
system, the kinetic model for CO poisoning solved in steady and transient state, and the 
kinetic model for methanol steam reforming reaction.  
 
Main assumptions 
The following simplifications were considered in the model: 
- the gas mixtures were considered ideal,  
- the flow was assumed to be laminar and the effect of gravity was neglected, 
- the membrane, CL, GDL, BPP and MSR catalyst were assumed isotropic and 
homogenous, 
- the membrane was considered impermeable to all gases,  
- only protons were accounted for the transport through membrane. 
 
The model governing equations consist of conservation of mass, momentum, en-
ergy, species and charges, as described in the following subsections: 
 
Continuity equation: 
( ) ( ) mu St
ερ ρ∂ + ∇ ⋅ =
∂

                           
(6.1)
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Eq. 6.1 is the mass conservation equation, where ρ is the fluid volumetric mass 
density calculated using ideal gas equation,  !" is the fluid velocity vector, t is the time 
step, ε is the media porosity and ∇ is the operator gradient. Sm is a source term, which 
considers the mass production and consumption due to the electrochemical reac-
tions, and the methanol steam reforming reactions, as follows:
 
2 2( )
4 2
O c H O c
m c
M J M J
S CL
F F
= −
                        
 
(6.2)
 
2 2 2 2( ) ( ) ( )( )( )
2 2 2 2
H a H H O a co CO a coCO a co
m a
M J M J M JM J
S CL
F F F F
= − − − +
        
(6.3)
 
, ( ) , ( )
( )m i i j i i j
i j products i j reagents
S ref v M r v M r= −                   
(6.4)
 
where, Mi is the molar mass of the components, Jc, Ja(H2) and Ja(CO) are the volumetric 
current densities at the cathode and at the anode considering the electro oxidation of 
hydrogen and carbon monoxide, respectively. F is the faraday constant, vi are the stoi-
chiometry coefficients of the reaction species at the reformer and rj is the reaction rate 
of reactions MSR, MD and RWGS. 
 
Conservation of momentum of the gas mixture: 
2 . u
u uu p S
t
ρ ρ
τ
ε ε
∂    
+ ∇ ⋅ = −∇ + ∇ +   ∂    
  
                   
(6.5)
 
Eq. 6.5 is the conservation momentum equation (Navier-Stokes equation), 
where ∇p is the pressure gradient and ∇τ is the anisotropic part of the stress tensor 
and describes the viscous forces. The source term (Su) is the pressure gradient (drop) 
in a porous media calculated using the Darcy’s law (Eq. 6.6), which considers the in-
trinsic permeability, Pe, and the viscosity of the gases, µ calculated based on the ki-
netic theory [39]. 
 
u
e
S u
P
µ
= −

                                
(6.6)
 
 
Species conservation equation:  
( ) ( )i i i iu j St
ερω ρ ω∂ + ∇ ⋅ = ∇ +
∂

                       
(6.7)
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Eq. 6.7 is the convection-diffusion equation, used to calculate the local mass 
fraction of the specie i, ωi. ji is the mass diffusion flux of the specie i and it is calculated 
by the Fick’s law (Eq. 6.8), while %&
'(( is the effective diffusion coefficient calculated 
using the Bruggman relation in a porous media (Eq. 6.9), as follows:
 
eff
i i ij Dρ ω= ∇                                (6.8) 
1.5eff
i iD Dε=                                
(6.9)
 
The diffusion of each species i (%&), along with the physical properties of the 
gases, are presented in Table 6.2. Si are source terms due to the electrochemical re-
actions and the methanol steam reforming reactions, which is given as:
 
( ) i ci c
e
M JS CL
n F
= −
                             
(6.10)
 
2
2
,
,
( ) H CO
H CO
i a a
i a a
e
M J
S Cl
n F
= −
                         
(6.11)
 
,i i i j j
j
S M v r=                                 
(6.12)
 
The reaction rates (rj) in the reformer were calculated using the kinetic model sug-
gested by Peppley et al. [38], which considers the MSR reaction (Eq. 6.13), WGS 
(Eq. 6.14) and MD (Eq. 6.15):  
 
MSR reaction rate equation: 
( )
(1) 33 2 2
2 3
2
(1) (1)33 2
(1) (1 )2 2 2
2 2
* 3
1 11
2
* *
1
* *2
1 1
2 2
1
1 1 a
MSR CH OHCH O H CO T T
S S a a
MSR H O CH OHH
MSR
CH OHCH O H OOH
H CO HHCOO H
H H
k K p p p
C C S
k p pp
r
K p K p
K p p K p
p p
 
− 
 
 
=
 
 + + + +
 
 
  (6.13)
 
 
Water-gas-shift reaction rate equation:   
2 2 2
(1)
2
2
(1) (1)33 2
(1) 2 2
2 2
* 2
11
2
2
* *
1
* 2
1 1
2 2
1
1
CO H O H CO T
WGS S aOH
WGS CO H OH
WGS
CH OHCH O H OOH
H COHCOO
H H
p p p p
k K C S
k p pp
r
K p K p
K p p
p p
   
 
−      
=
 
 + + + +
 
 
        (6.14)
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Methanol decomposition reaction rate equation:  
( )
( 2 ) 33 2 2
3
2
( 2 ) ( 2 )33 2
( 2 ) 2
2 2
* 3
2 11
2
* *
*
1 1
2 2
1
1 1 a
MD CH OHCH O H CO T T
S S a a
MD CH OHH
MD
CH OHCH O H OOH
HH
H H
k K p p p
C C S
k pp
r
K p K p
K p
p p
 
− 
 
 
=
 
 + + +
 
 
           (6.15)
 
where, kj is the reaction rate constant for reaction j; Ki is the adsorption equilibrium co-
efficient for species i; 
  ,
 , 
  and 
 are the total catalyst surface concentrations 
of sites 1, 2, 1a and 2a, respectively and Sa is the active surface area. The kinetic param-
eters were obtained from the literature [40]. The reaction rates were calculated accord-
ing to the Arrhenius equation:  
0
aE
RTk k e
−
=
                                
(6.16)
 
where, k0 is the Arrhenius pre-exponential factor and Ea is the activation energy. The 
adsorption coefficients were modified according to van’t Hoff equation (Eq. 6.17) using 
the enthalpy (∆) and entropy (∆) of adsorption of the species:  
( )ln i H SK R T R
∆ ∆
= +
                             
(6.17)
 
 
Table 6.2 Physical and transport properties [29-33] 
Property Value 
Diffusivity of the gas species  
( m2·s-1) 
1.5 101325.0
333.15
T ref
i i
TD D
P
   
=    
   
                                   (6.18)
 
 
2
2
2
2
2
3
4
5
5
5
4
( , )
, 5
( )
5
1.055 10
2.652 10
3.2348 10
3.2348 10
1.055 10
2.982 10
3.2348 10
ref
H
ref
O
ref
CO
ref
CO
ref
H O anode MSR
ref
H O cathode
ref
CH OH
D
D
D
D
D
D
D
−
−
−
−
−
−
−
= ×
= ×
= ×
= ×
= ×
= ×
= ×
 
Viscosity of the gas species 
(kg·m-1·s-1) 2
1.5
3 13.205 10
293.85 72
T
H
T
T
µ −    = ×    +   
                            (6.19)
 
INTEGRATION OF A REFORMER WITH A HT-PEMFC – PART C (MODELLING) 
 
159 
 
2
1.5
3 17.512 10
291.15 120
T
H O
T
T
µ −    = ×    +   
                      (6.20)
 
2
1.5
3 18.46 10
292.85 127
T
O
T
T
µ −    = ×    +   
                         (6.21)
 
1.5
3 18.46 10
292.85 127
T
Others
T
T
µ −    = ×    +   
                      (6.22)
 
Water saturation pressure 
(bar) 
3 20.68737 732.39 263390
31919000
satp T T T= − + −
−
                    (6.23)
 
Relative humidity 
2
( ) ( )
(in CL)
(in membrane)
2
H O
sat
CL ano CL cat
x p
pRH
Rh Rh



= 
+

                       (6.24)
 
Specific heat capacities 
(J·kg-1·K-1) 
2 2 2
2 2 3
14283; 919.31; 2014
1042; 919.31; 919.31; 919.31
H O H O
N CO CO CH OH
Cp Cp Cp
Cp Cp Cp Cp
= = =
= = = =
 
Thermal conductivities 
(W·m-1·K-1) 2 2 2
0.1672; 0.0246; 0.0261H O H Oλ λ λ= = =  
Change in Entropy  
(J·mol-1·s-1) 
44.500;S∆ = −  
 
Energy equation 
( )( ) ( )0, 0,1 . -c
ref
TN
g s i i eff T
i T
H H u y Cp dT T uP S
t
ερ ε ρ ρ λ
  ∂
 + − + ∇ = ∇ ∇ ∇ + 
  ∂   
 

 
(6.25)
 
where, Cpi is the specific heat capacity of species i, λeff is the effective thermal conduc-
tivity, which takes into account the thermal conductivity in the solid and gas phase and 
T is the absolute temperature. Heat conduction and pressure work were assumed to 
drive the energy flux, represented by the first two terms in the right part of Eq. 6.25. ST 
is the source term which includes the heat flux due to the electrochemical reaction, 
ohmic resistance, activation losses and MSR chemical reaction, as follows.  
2(m e m b ra n e ) e ffT m mS ϕ σ= ∇                        
(6.26)
 
2l (G D L ,B P P ) e ffT s sS ϕ σ= ∇                         
(6.27)
 
( ) 2 2c(CL ) 2
eff effcat
T cat s s m m
jS T S j
F
η ϕ σ ϕ σ= ∆ + + ∇ + ∇
          
(6.28)
 
2 2
a(C L ) e ff e ffT a n o s s m mS jη ϕ σ ϕ σ= + ∇ + ∇                 
(6.29) 
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( )
,298
1 298
(MSR)
TN
T k i i k
i i
S H Cp dT rν
=
 
= ∆ + 
 
                  
(6.30)
 
 
The combined MSR-C/HT-PEMFC device was experimentally heated by electric re-
sistances placed at the endplates and controlled by a proportional integral derivative 
controller (PID controller). The PID controller calculates the error, which is the difference 
between the set point and the measured variable. The control variable, in this case the 
heating power, is calculated over time to minimize the error value. The PID control equa-
tion can be written, as follows:   
( ) ( ) ( ) ( )
( )
0
,
0 120
t
heat
heat
d e t
P t KP e t KI e t d t KD
d t
W P t W
= + +
≤ ≤

              
(6.31)
 
where, Pheat(t) is the heating power as function of time, e(t) represents the error value 
(the difference between the set point and the measured temperature), in this case meas-
ured at the geometric centre of MSR-C/HT-PEMFC device. The heating power is the sum 
of the proportional gain (KP) multiplied by the magnitude of the error plus the integral 
gain (KI) multiplied by the integral of the error plus the derivative gain (KD) times the 
derivative of the error. The heating power was converted to heat flux and implemented 
in Fluent® as a boundary condition.   
 
Current conservation equations  
The electrochemical equations consider the hydrogen oxidation reaction at the 
anode and the oxygen reduction reaction at the cathode; the current is originated by the 
potential difference between the anode and cathode. In the catalyst layer, there is a 
protonic current and an electronic current. Since the electrodes are electroneutral, the 
charge conservation in the catalyst layer can be expressed by Eq. 6.32:  
( ). ) .( 0.0s mi i∇ + ∇ =                              (6.32) 
The current density in the CL, GDL and BPP (Eq. 6.33) and in the membrane 
and CL (Eq. 6.34) and can be obtained by the Ohm’s law: 
 
eff s
s siσ ϕ− ∇ =

                               (6.33)
 
eff m
m miσ ϕ− ∇ =

                              
(6.34)
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The conservation equations in the CL, GDL and BPP (Eq. 6.35) and in the mem-
brane and CL (Eq. 6.36) are given by the gradient of the Eq. 6.33 and 34, respectively: 
( ).
s
e ff
s s S ϕσ ϕ∇ − ∇ =                             
(6.35)
 
( ).
m
e ff
m m S ϕσ ϕ∇ − ∇ =                             
(6.36)
 
where, )* and )+ are the electric and protonic overpotential respectively; ,-and ,.  
are the source terms; the /*
011
and /+
011
are the effective electron and proton conductiv-
ities and are calculated by Bruggeman equation for porous medium (Eq. 6.37): 
( )1 .51 .5 , 1e ff e ffm m m s m sl lσ σ σ ε σ= = − −                   (6.37) 
where, σm is the electrolyte protonic conductivity and lm is the polymer electrolyte vol-
ume fraction in the CL. Several empirical relations are reported in literature to calculate 
electrolyte protonic conductivity; most of them follow an Arrhenius equation law behav-
iour [26]. The electrolyte protonic conductivity (σm) depends on humidity (RH), temper-
ature and membrane doping level (DL), and can be calculated by Eq. 6.38 [30]. The DL 
and lm were estimated using electrolyte proton conductivity determined by electro-
chemical impedance spectroscopy (EIS) in dry conditions at 0.05 A·cm2. 
Ea
RT
m
ab
e
T
σ =
                               
(6.38)
 
3 2168 6324 65760 8460a DL DL DL= − + +
                 
(6.39) 
619.6 +21750aE DL= −                           
(6.40)
 
( )
( )
( )
1 0.01704 4.767 , 373.15 413.15;
1 0.1432 56.89 , 413.15 453.15;
1 0.7 309.2 , 453.15 473.15
b T RH T
b b T RH T
b T RH T
 = + − ≤ ≤

= = + − ≤ ≤

= + − ≤ ≤
       
(6.41)
 
 
The ,-and ,.(source terms) of the Eq. 6.35 and 36 are the volumetric exchange 
current densities, calculated from Butler-Volmer equation. 
2 2, 0,
exp expa ca H a H a aJ ai F FRT RT
α αθ η η    = − −    
                  
(6.42)
 
2
2
0, exp exp
O a c
c c c cref
O
C
J ai F F
RT RTC
α αη η
      
= − − −                          
(6.43)
 
, 0, exp COa CO CO CO aJ ai FRT
αθ η =  
                        
(6.44)
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where ηa and ηc are the over-potential in anode and cathode, ai0,a and ai0,c are the ex-
change current density of the anode and cathode, αa  and αc  are the charge transfer 
coefficient of the anode and cathode; the parameters values are summarized in Ta-
ble 6.3. The electro-oxidation of CO is also considered in the model (Eq. 6.44), despite 
the small effect in the overall current density; thus, ai0,CO and αCO are the exchange cur-
rent density and charge transfer coefficient for CO, respectively.  
 
Table 6.3 Electrochemical parameters 
Parameter anode Cathode 
Over-potential, 
η (V) 
s mη ϕ ϕ= −           (6.45) s mη ϕ ϕ= −          (6.46) 
Equilibrium-poten-
tial, U0 (V) 
-4
0 1.1669-2.4x10 ( -373.15)U T=  (6.47) 
exchange current 
density × specific 
electro-active area, 
ai0 (A·m-3) 
0,
8
0,
1 1
exp 1400
353.15
1 10
ref
a
ref
a
ai
T
ai
  
− −  
  
= ×
 
(6.48) 
0,
0,
1 1
exp 7900
353.15
70
ref
c
ref
c
ai
T
ai
  
− −  
  
=
 
(6.49) 
Reference concen-
trations, refiC
(mol·m-3) 
40.88 40.88 
Transfer coeffi-
cients, αΗ2, 
1 0.97 
 
The hydrogen coverage (θΗ2 ) equation is a modification of the Butler-Volmer 
equation (Eq. 6.38), to include the CO poisoning effect. The θΗ2 depends on the adsorp-
tion, desorption and electrochemical oxidation of the adsorbed species on the catalyst 
surface (Eq. 6.50 – 6.53): 
22 P t+ H 2 (P t-H )
fh
fh fh
k
b k
↔
                             
(6.50)
 
+ -(Pt-H) H +e +Pteh
k
→
                             
(6.51)
 
P t+ C O (P t-C O )fc
fc fc
k
b k
↔
                            
(6.52)
 
+ -
2 2H O+(Pt-CO) Pt+CO +H +e
eck
→
                      
(6.53)
 
The Eq. 6.50 and 6.52 represents the chemisorption of H2 and CO, and Eq. 6.51 
and 53 are the electrochemical oxidation of the adsorbed species. The surface coverage 
of hydrogen and CO (Eq. 6.54 and 6.55, respectively) were determined based on the 
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model developed by Springer et al [37] considering the previous reactions (Eq. 6.50 – 
6.53): 
 
2 2
*
0,
( ) (1 ) exp expn n a cHPt fh H CO H fh fh H a H a aC k p b k i F Ft RT RT
α αθ θ θ θ θ η η ∂    = − − − − − −    ∂     
 
(6.54)
 
*
0,
( ) (1 ) expCO COPt fc CO CO H fc fc CO CO CO aC k p b k i Ft RT
θ αθ θ θ θ η∂  = − − − −  ∂  
    (6.55)
 
where, kfh and kfc are the hydrogen an CO adsorption rates, respectively and bfh and bfc 
are the hydrogen an CO desorption rates and CPt is the molar area density of catalyst 
active sites multiplied by the Faraday constant (assumed equal to 1 for unsteady simu-
lations). In this work, a second-order (n = 2) hydrogen adsorption reaction was consid-
ered. The adsorption and desorption rates were calculated according to the Arrhenius 
equation, using the kinetic parameters presented in Table 6.4. θΗ2 and θCO were solved 
in steady and unsteady state. Eq. 6.56 and 6.57 show the analytical solution of θCO and 
θΗ2 in steady state [31-33]. Eq. 6.58 and 6.59 shows the analytical solution of θCO and θΗ2 
in unsteady state, calculated in this work.  
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The transient term (time step, ∆t) only appears in the coefficients (Eq. 6.60 – 6.65) 
when θΗ2 and θCO are calculated in unsteady state;  
1 fc CO fc COa k p k C RT t= = ∆                          
(6.60)
 
2 fc fca b k t= ∆                                
(6.61)
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3 0, exp COCO aa i F tRT
α η = ∆ 
                          
 
(6.62)
 
2 21 fh H fh H
b k p t k C RT t= ∆ = ∆
                        
 
(6.63)
 
2 fh fhb b k t= ∆                                
(6.64)
 
3 0, exp expa ca a ab ai F F tRT RT
α αη η    = − − ∆    
                   
(6.65)
 
 
Table 6.4 Kinetic parameters for the CO model [33].  
Parameter Value 
Hydrogen adsorption rate, k0fh  (A·m-2·Pa-1) 1.597 
Activation energy of hydrogen adsorption, Ea,fh (J·mol-1) 1.04x104 
Hydrogen desorption rate, k0bh (Pa) 1.51x1015 
Activation energy of hydrogen desorption, Ea,bh (J·mol-1) 8.79x104 
CO adsorption rate, k0fc (A·m-2·Pa-1) 1.61x104 
Activation energy of CO adsorption, Ea,fc (J·mol-1) 4.73x104 
CO desorption rate, k0bc (A·m-2·Pa-1) 2.26x1023 
Activation enegy of CO desorption, Ea,bc (J·mol-1) 1.96x105 
CO exchange current density x specific electro-active area, ai0,CO (A·m-3) 2.0x103 
CO transfer coefficients, αCO 0.5 
Molar area density of catalyst sites, p (mol·cm-2) 6.0 
Variation of free Energy of CO adsorption (J·mol-1) 5.544 
 
Boundary and Initial condition 
The boundary conditions considered for the MSR-C/HT-PEMFC device are: 
- at the inlet of anode and cathode, the mass fluxes in the channels were cal-
culated based on the hydrogen and oxygen stoichiometry at a defined cur-
rent density; the mass flux in the reformer was calculated based on the space-
time-ratio (mcat/FMeOH). When reformate was used as anode fuel, the outlet 
composition and mass flux of the reformer channel was used as the inlet of 
the anode channel;  
- at the outlets, the pressure was considered to be constant and equal to a 
specified value and gradients of temperature and species mass fraction were 
assumed to be equal to zero; 
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- at the walls, the flow obeys to the no slip condition. At the interfaces between 
bipolar plates, channels, GDL, CL, membrane, the boundaries were coupled 
for the electronic potential and temperature;  
- potentiostatic boundary conditions were imposed at the surfaces of the bi-
polar plates (terminal surface). The electronic phase potential of the cathode 
and anode was assumed ∅* = 0 and )* = 56 − 890:: respectively. 
 
6.3.3. Numerical Procedure 
 
The simulations were conducted using FLUENT, a platform that uses the finite-
volume method to solve the differential equations. The equations, physical properties 
and boundary conditions of the fuel cell and reformer were implemented by developing 
User Defined Functions (UDF) written in C++, compiled and loaded in FLUENT. The equa-
tions of the electric potentials, PID control and CO poisoning effect were added by using 
User Defined Scalars (UDS). The governing equations were discretized with a second-
order spatial and temporal schemes. The under relaxation was also adjusted to handle 
the convergence problems. The simulations were carried using potentiostatic boundary 
conditions starting with cell potentials close to the open-circuit voltage and progressing 
slowly to lower voltages for a faster stepwise convergence. In all the simulations, strict 
convergence criteria with residuals of 10x10-8 were chosen for all variables. The compu-
tational grid used for modelling the 3D straight channel MSR-C/HTPEMFC had approxi-
mately 1.1x105 grid cells assuring that results output were not influenced by the grid 
(grid independence). The modelling domain consisted of 10 different zones, including 
the anode and cathode flow channels, bipolar plates, gas diffusion layers and catalyst 
layers, membrane and MSR catalyst bed (Fig. 6.2). 
 
6.3.4. Validation of the fuel cell model  
 
The implementation of the fuel cell and CO poisoning model was validated against 
the experimental data reported by Das et al. [41], considering the same fuel cell geom-
etry and parameters reported by Oh et al. [33] (Fig. 6.4). The simulation results (Fig. 6.4) 
show, in general, a good agreement with the experimental results, considering both pure 
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hydrogen and hydrogen contaminated with CO as fuels. The CO model can input, in gen-
eral, a correct drop in volumetric exchange current density (Butler-Volmer equation, 
Eq. 6.42). 
 
 
 
Fig. 6.4 Electric potential difference as function current density at temperatures of 413 K and 433 
K for a CO content of 0 ppm and 2000 ppm; lines represent the model results – experimental data 
from [41] (lines were added for readability). 
 
 
6.4. Experimental 
 
To achieve the heat integration between the MSR-C and the HT-PEMFC, a novel 
bipolar plate made of gold plated aluminium was designed, featuring a fuel cell flow field 
in one side and a reformer flow field in the other (Fig. 6.1). A used membrane electrode 
assembly (MEAS) was a Celtec P2200N from BASF with an active area of 45 cm2. The 
reforming reaction was carried out using 40 g of commercial catalyst (CuO/ZnO/Al2O3) 
from BASF (RP-60). The MSR-C performance was determined at different space-time-ra-
tios (mcat/FMeOH) and operating temperatures (between 443 K and 473 K). The HT-PEMFC 
characterization was performed with λAir of 2 and λH2 of 1.2, between 433 K and 473 K; 
the anode was fed with different fuels: pure hydrogen, gas mixture with volume frac-
tions of 75 % of H2 and 25 % of CO2 and reformate supplied directly from the MSR. A 
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more detailed description of the MSR-C/HT-PEMFC combined unit can be found in the 
literature [19].  
An unused Celtec P2200N MEA was characterized by field emission scanning elec-
tron microscopy (SEM) in order to determine the thickness of the membrane, anode and 
cathode catalyst layer and anode and cathode gas diffusion layer.  
 
6.5. Results and Discussion 
 
6.5.1. Performance of the MSR-C  
 
The MSR-C and HT-PEMFC modelling results were validated against experimental 
data already published by the authors [19]. Fig. 6.5 shows the simulated and experi-
mental results for the methanol conversion using the MSR-C loaded with BASF RP-60 
catalyst (Fig. 6.5) at different operating temperatures.  
 
 
Fig. 6.5 Experimental (dots) and simulated (lines) methanol conversion as a function of space-
time ratio and for different temperatures at Pout = 1 bar and S/C = 1.5 – experimental data [19]. 
 
The simulation results present a good agreement with the experimental data for 
the studied operating conditions; the maximum relative difference between experi-
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mental and simulated results the parameters in the Eq. 6.13 – 6.15, related to the re-
forming catalyst surface area (Sa), were adjusted. The value used in the simulation was 
81x103 m2·kg-1 instead of 102x103 m2·kg-1 as reported in the literature for the BASF RP-
60 catalyst [40]; the smaller active surface area was assigned to larger catalyst particle 
size used in this work, for producing the reforming experimental results, almost the dou-
ble of the size [19]. 
The results show that the methanol conversion is highly dependent on the tem-
perature and full methanol conversion, at low temperatures, can only be achieved for 
high space-time values, Fig. 6.5. At low temperatures (such as 443 K), the methanol con-
version is very sensitive to temperature variation, becoming less sensitive at higher tem-
peratures (such as 473 K). It should be noted that the MSR-C should operate at methanol 
conversions above 90 % (2.3 % of volume methanol fraction) to minimize the poisoning 
effect of methanol in the fuel cell [42, 43].  
Fig. 6.6 shows the simulated methanol conversion as a function of hydrogen pro-
duction at different temperatures. In the top horizontal axis of Fig. 6.6, it is the electrical 
current assuming 100 % of coulombic efficiency and λH2 = 1.2. A hydrogen production of 
110 cm3·min-1 is reached with a complete conversion of methanol at 453 K, correspond-
ing to ca. 15 A, while a hydrogen production 210 cm3·min is reached with 90 % of meth-
anol conversion production, corresponding to ca. 25 A. Higher temperatures significantly 
enhance the MSR reaction kinetics. At 473 K the hydrogen production was 550 cm3·min-1 
for a methanol conversion of 90 %, corresponding to ca. 60 A. Pan et al. [13] reported 
similar results using an in-house catalyst, with a maximum hydrogen yield at full metha-
nol conversion of 200 dm3·h-1·kg-1 at 453 K and 500 dm3·h-1·kg-1 at 473 K.  
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Fig. 6.6 Simulated methanol conversion as a function of hydrogen flow rate (product) and the 
calculated electrical current assuming 100 % coulombic efficiency and λH2 = 1.2. 
 
Fig. 6.7 shows the simulation results of the CO production as a function of the 
space-time ratio at different operating temperatures. The CO production was not vali-
dated against any experimental data, since it was not available [19]. The model param-
eters were obtained from the literature [40] except the active surface area (Eq. 6.13 – 
6.15) that has been modified, as described above. The reverse water gas shift reaction 
at temperatures lower than 473 K produces most of the carbon monoxide present in the 
reformate stream, as a result CO concentration increases with the partial pressure of 
hydrogen and carbon dioxide increases. The CO concentration in the reformate stream, 
at ca. 473 K and high space-time ratio, can reach considerable high values (>3 % volume 
fraction). The CO tolerance of HT-PEMFC also increases significantly with the tempera-
ture. At 473 K and low current densities (<0.5 A·cm-2) the HT-PEMFC can tolerate up to 
5 % of CO in the fuel without significant drop in performance [44].   
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Fig. 6.7 Simulated CO concentration as a function of space-time ratio and for different tempera-
tures and at Pout = 1 bar and S/C = 1.5. 
 
6.5.2. Performance of HT-PEMFC fed with H2 
 
Concerning the simulation of the HT-PEMFC, all parameters were obtained from 
the literature [29-33] except the exchange current densities and the transfer coeffi-
cients. The values of these two parameters were obtained through a fitting of the model 
to the experimental results shown in Fig. 6.8. The initial guess was obtained from the 
Tafel equation. The optimization process was based on the minimization of the sum of 
the squared residues between the simulated and experimental values. The fitted ex-
change current densities airef0,a = 1x108 A·m-3 and airef0,c = 70 A·m-3 are within the range of 
values reported in the literature [26]. The fitted transfer coefficients, αa = 1.00 and αc = 
0.97, are similar to the ones reported by Ubung et al. [45] for the same type of commer-
cial MEAs, αa = 1.00 and αc = 1.00 The transfer coefficient was kept constant for all the 
studied temperatures, despite it could be affected by the doping level and operating 
temperature [46]. The transfer coefficients play an important role on the shape of the 
polarization curves; higher transfer coefficients originate a faster drop in the region of 
the activation losses, at lower current densities, and the polarization curve becomes 
more flat. A change in the exchange current density, on the other hand, keeps the shape 
of the polarization curve, shifting the curve to lower or higher voltages (parallel curves). 
Fig. 6.8 shows the experimental and simulated polarization curves obtained with 
the HT-PEMFC at 433 K, 453 K and 473 K, with pure hydrogen. The simulation results 
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present a very good agreement with the experimental data for the studied conditions; 
the maximum relative difference between experimental and simulated results was less 
than 5 %. The model was able to reproduce the improvement of electrochemical reac-
tion rates with the temperature increase by shifting up correctly the polarization curve. 
 
 
Fig. 6.8 Modelling (lines) and experimental (dots) results of the electric potential difference as a 
function of the current density at temperatures of 433 and 453 K using pure hydrogen as fuel – 
experimental data from [19]. 
 
6.5.3. Performance of the combined unit 
 
The simulation of the combined MSR-C/HT-PEMFC unit (HT-PEMFC fed directly 
with the produced reformate stream), was also performed and the simulated values 
were compared to experimental ones (Fig. 6.9).  
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Fig. 6.9 Modelling (lines) and experimental (dots) results of the electric potential difference as 
function current density at temperatures of 433 and 453 K using reformate as fuel – experimental 
data from [19]. 
 
The transfer coefficients and exchange current densities values obtained fitting 
the model to the experimental values when the HT-PEMFC was fed with pure hydrogen 
fuel were kept. For the model simplification, methanol was assumed as an inert in the 
fuel cell operation. However, methanol has been reported as poisoning agent for HT-
PEMFC due to crossover to the cathode side and subsequent electrocatalytic oxidation 
originating mixing potentials [42, 43]. Araya et al. [43] fed a hydrogen stream containing 
a water/methanol mixture with a volume fraction of 1.5 % for each component to a HT-
PEMFC working at 433 K, and concluded that the performance of the FC was not af-
fected. In the present study, the highest methanol concentration in the reformate 
stream was obtained at 453 K and 0.6 A·cm-2 with a volume fraction of ca. 2 % (methanol 
conversion of ca. 90 %); it is also expected that at higher temperatures the methanol 
tolerance increases. Considering this simplification, the model fitted quite well with the 
experimental data for the studied temperatures (453 K-473 K), as depicted in Fig. 6.9. 
The HT-PEMFC shows lower performance with reformate fuel (Fig. 6.9) when compared 
to pure hydrogen fuel (Fig. 6.8); this decrease was assigned to the hydrogen dilution due 
to presence of water vapour, CO2 and the presence of unreacted methanol and CO. The 
improvements of electrochemical kinetics with temperature were well predicted by the 
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model – Fig. 6.9. The performance increase of the combined MSR-C/HT-PEMFC unit, es-
pecially for high current densities, should also be attributed to the higher hydrogen con-
centration. 
The combined MSR-C/HTPEMFC unit displays higher energy conversion efficiency 
and has a simpler design when compared with the units working separately. The small 
decrease in the performance when reformate is used as fuel, compared to pure hydro-
gen, demonstrates the real possibility of operating both MSR reaction and electrochem-
ical reaction at the same temperature. The MSR-C/HT-PEMFC performance is, however, 
highly dependent on the reformer capacity to convert efficiently the methanol into hy-
drogen. Fig. 6.10 shows the influence of the operating temperature on the maximum 
power density, for a methanol conversion >90 %. The simulations were not performed 
at 433 K due to the low methanol conversion, despite being the recommended operating 
temperature of BASF Celtec MEAs. The MSR-C/HT-PEMFC unit, operated at 473 K, pro-
duced a power density of ca. 0.5 W·cm-2 at 1.3 A·cm-2. The operation of the combined 
unit at this temperature is very attractive, but it is well known that high operating tem-
peratures (>433) lead to faster degradation of the MEA, mainly due to the catalyst par-
ticle size growth and phosphoric acid losses [47, 48]. The operation of combined MSR-
C/HTPEMFC unit should adapt the operating temperature to the current density, in order 
to minimizing the degradation of the components.  
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Fig. 6.10 Simulated electric potential difference and power density as a function of the current 
density for different operating temperatures, considering a minimum methanol conversion of 
90 %. 
 
6.5.4. Thermal sustainability of the combined unit  
 
The HT-PEMFC can produce more heat than the required to run the MSR reaction, 
but the heat is not distributed uniformly in the MSR-C/HT-PEMFC unit. Fig. 6.11 shows 
the simulated temperature distribution on the MSR-C/HT-PEMFC at 453 K (end plates) 
and current densities between 0.1 A·cm-2 and 0.6 A·cm-2. Fig. 6.12 shows the simulated 
average temperature inside the reformer, channel anode and channel cathode at differ-
ent current densities.  
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Fig. 6.11 Temperature distribution on the MSR-C/HT-PEMFC at 453 K and operating at 
0.1 A·cm-2 (a), 0.3 A·cm-2 (b), 0.6 A·cm-2 (c); Temperature profiles (at right) and the temperature 
inside the reformer, channel anode and channel cathode (at left). 
 
 
Fig. 6.12 Average temperatures inside the cathode channel (a), anode channel (b) and reformer 
(c), at different current densities with an external temperature of 453 K. 
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As the fuel cell current density increases, it generates more heat, due to the elec-
trochemical reaction and joule effect (ohmic losses in the electrolyte); however, the heat 
consumption also increases for running the reformer, evaporating and heating up the 
feeding water/methanol mixture (Fig. 6.11). The temperature at the cathode channels 
shows to be less dependent of the operating current density than the temperature at 
the anode channel (Fig. 6.12). This fact is assigned to the higher flow rate at cathode 
side, the higher heat capacity of the air and the higher stoichiometry used. Close to the 
inlet of the reformer channel, a temperature drop is observed, caused by the high MSR 
reaction rate. The temperature profile along the reformer channel is related to the MSR 
reaction rate. 
To use efficiently the heat produced by the fuel cell a good thermal insulation is 
required. Fig. 6.13 shows the heat flux on the end plates required to operate the MSR-
C/HT-PEMFC at 453 K as a function of thermal insulator thickness (glass wool). For thin 
layers of thermal insulator most of the heat produced by the fuel cell is lost to the sur-
roundings and the thermal equilibrium is reached at very high current densities 
(Fig. 6.13). The heat flux required to maintain the temperature constant (453 K) in-
creases fast when the thickness of the thermal insulator is reduced bellow 1 cm 
(Fig. 6.13). A suitable thermal insulation should be used to achieve the thermal equilib-
rium at low current densities; the glass wool thermal insulation should have a thickness 
between 3 cm and 4 cm, above this value, no significant gain in the heat flux is observed. 
Considering that the combined unit was insulated with 3 cm thick of glass wool, the heat 
flux required to maintain the operation at 453 K (at the end plates) could be determined 
as a function of current density (Fig. 6.14). The behaviour of the heat flux as function of 
the current density is practically linear and the interception of the curve with the x-axis 
represents the current density at which the thermal equilibrium can be found - where 
the heat produced is equal to all the heat losses. The MSR-C/HT-PEMFC unit covered 
with a glass wool thickness of 3 cm reaches the thermal equilibrium at less than 
0.1 A·cm-2. Above the thermal equilibrium, the MSR-C/HT-PEMFC requires to be cooled 
to avoid temperature increase.  
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Fig. 6.13 Heat flux as a function of the thermal insulator thickness for an operating temperature 
of 453 K at the end plates of MSR-C/HT-PEMFC (lines were added for readability).  
 
 
Fig. 6.14 Heat flux as a function of the current density for an operating temperature of 453 K at 
the end plates of MSR-C/HT-PEMFC and considering an insulation of 3 cm thick of glass wool (lines 
were added for readability).  
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Fig. 6.15 shows the heat flux at the end plates required by the MSR-C/HT-PEMFC to op-
erate at 453 K as a function of the air stoichiometry, considering the air at the cathode 
inlet at the room temperature. The air stoichiometry shows a strong influence on the 
heat flux required to keep the temperature of the MSR-C/HT-PEMFC at 453 K. The ther-
mal equilibrium at 0.3 A·cm-2 can be achieved for an air stoichiometry of ca. 10. Increas-
ing the current density to 0.6 A·cm-2 requires an increase of the air stoichiometry to 
ca.14. The heat retrieved from the fuel cell can be used for the water and methanol 
heating and vaporization, increasing the overall energy efficiency of the device. The un-
reacted hydrogen and methanol at the anode outlet can also be burned providing extra-
energy for the MSR-C/HT-PEMFC operation. 
  
 
Fig. 6.15 Heat flux as a function of the air stoichiometry for an operating temperature of 453 K 
at the end plates of MSR-C/HT-PEMFC and considering an insulation of 3 cm thick of glass wool 
(lines were added for readability).  
 
6.5.5. Integrated MSR/HT-PEM stack 
 
The conceptual design of the integrated MSR/HT-PEM stack (Fig. 6.16) considers 
ten cells thermally insulated with 3 cm of glass wool, a burner, a tank and a vaporizer. 
The heat required for the water/methanol mixture vaporization is provided by burning 
the unreacted hydrogen and methanol in the anode vent. The temperature control of 
the stack is obtained feeding air to cathode side at room temperature and adjusting the 
airflow rate.  
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Fig. 6.16 Conceptual design of the integrated MSR/HT-PEM stack. 
 
The operation of the integrated MSR/HT-PEM stack was simulated assuming that 
the overall performance was obtained adding single combined cells. Fig. 6.17 shows the 
potential difference (a), temperature (b), water/methanol flow rate (qV) (c), methanol 
conversion (d), air stoichiometry (e), heat produce by the burner and heat consumed by 
the vaporizer (f) as a function of the current density. The stack operation was simulated 
for a current between 4.5 A (0.1 A·cm-2) and 54 A (1.2 A·cm-2). Below 4.5 A no simulation 
was performed, since it was not possible to maintain the thermal equilibrium without an 
external heat source.  
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Fig. 6.17 Operating parameters of the integrated MSR/HT-PEM stack (lines were added for read-
ability). 
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methanol in the reformate stream) (Fig. 6.17d). For heating and vaporizing the wa-
ter/methanol mixture, the anode vent heat of combustion was used. Fig. 6.17f shows 
that the burner can provide more heat than the consumed in vaporizing process of the 
water/methanol mixture, especially at higher current densities. Fig. 6.17e shows that the 
air stoichiometry has a sharp increase between 4.5 A and 18 A (0.4 A·cm-2) and a slight 
increase above 18 A. This fact can be assigned to the higher heat losses to the surround-
ings. The sensible heat of the cathode vent was wasted.  
The proposed overall integrated MSR/HT-PEM stack operates without any exter-
nal heat source, except during the start-up and for very low current densities 
(<0.1 A·cm-2). Typical HT-PEM stacks operate near-constant temperature [4,49]; how-
ever, the proposed stack requires that the operating temperature is adjusted to the cur-
rent density, as seen in Fig. 6.17a,b. Operating continuously the integrated MSR/HT-PEM 
stack at high temperature, such as 473 K, facilitates the temperature control but have a 
detrimental effect on the durability of stack components. 
 
6.6. Conclusions 
 
A 3-dimensional non-isothermal model and simulator has been developed for a 
high temperature polymer electrolyte membrane fuel cell (HT-PEMFC) combined with a 
methanol steam-reforming cell (MSR-C). The model included carbon monoxide poison-
ing effect at the electro-catalytic activity of the MEA and the reformate production con-
sidering the MSR reaction, water gas shift (WGS) and methanol decomposition (MD). 
The modelling predictions for the MSR-C and HT-PEMFC units showed a very good agree-
ment with the experimental values. The combined MSR-C/HT-PEMFC cell was operated 
between 443 K and 473 K. A thermal insulation with minimum 3 cm thick glass wool, or 
equivalent, was required to achieve the thermal equilibrium at low current densities 
(0.1 A·cm-2). The temperature control (cooling) of the device was achieved by feeding air 
to the cathode at the room temperature and by adjusting the airflow rate (stoichiome-
try). The proposed integrated MSR/HT-PEM stack considers ten cells and operates with-
out any external heat source for current between 4.5 A (0.1 A·cm-2) and 54 A (1.2 A·cm-
2). The stack required a continuous adjustment of the operating temperature to produce 
the desired current density.  
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 Chapter 7 
 
H2 production with low carbon content using PBMRs 
 
 
 
 
 
7.1. Abstract 
 
This work compares the hydrogen purity and recovery produced by a methanol 
steam reforming (MSR) packed bed membrane reactor (PBMR) equipped with a mem-
brane selective to hydrogen (Pd-Ag) and with a membrane selective to carbon dioxide 
(porous membrane filled with ionic liquids-ILs). A 3-dimensional non-isothermal PBMR 
model was developed in Fluent (Ansys™) for simulating a PBMR equipped with these two 
types of membranes and simulating a conventional packed bed reactor (PBR). The results 
indicated that selective hydrogen removal from the reaction medium originates a signif-
icant increase in the methanol conversion, while the carbon dioxide removal has a 
smaller effect. CO2-PBMR showed to be more efficient in terms of energy consumption 
than H2-PMBR. The simulation results showed also that ILs membranes must have a min-
imum permeance of ≥ 1x10-1 mol·s-1·m-2·bar-1 and CO2/H2 selectivity of ≥200 at 473 K to 
be attractive for this type of applications. The advantages and limitations of each reactor 
configuration are discussed based on experimental and simulated data. 
 
 
 
 
____________________________ 
The content of this chapter is adapted from: P. Ribeirinha, M. Abdollahzadeh, M. Boaven-
tura, A. Mendes H2 production with low carbon content via MSR in packed bed membrane reactors 
for high-temperature polymeric electrolyte membrane fuel cell, Applied Energy 188 (2017) 409–419 
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7.2. Introduction  
 
Hydrogen is an important energy carrier. However, it has a very low volume en-
ergy density and shows limitations regarding storage and transportation. As an alterna-
tive, internal reforming or hydrogen production in-situ from fuels such methane, meth-
anol or ethanol are being considered [1 – 3]. High temperature polymer electrolyte 
membrane fuel cells (HT-PEMFC) based on PBI membranes, can be directly fed with 
methanol steam reforming (MSR) reformate, since this device can tolerate CO concen-
trations up to 0.3 % [4]. The integration of hydrogen production in-situ by methanol 
steam reforming (MSR) with HT-PEMFC is already used in power supplies manufactured 
by few companies such as Ultracell [5], and Serenergy [6]. However, the presence of 
contaminants in the reformate stream (CO2, H2O, CH3OH and CO) can affect the perfor-
mance of the HT-PEMFC specially at high current densities, while feeding a HT-PEMFC 
with a purified hydrogen stream allows higher performance and lower hydrogen stoichi-
ometry [7,8]. 
Membrane reactors have been successfully applied for hydrogen production and 
purification to few reactions: WGS reactions and hydrocarbon steam reforming [9-13]. 
Membranes for hydrogen production via steam reforming are typically based on palla-
dium or palladium alloys due to their high selectivity to hydrogen and very high perme-
ability [9, 14-16]. One of the most remarkable procedures to produce Pd-alloy mem-
brane was developed by SINTEF using a two-steps sputtering technique, enabling the 
production of a defect–free Pd-alloy film with a nominal thicknesses ranging from 2.2 to 
10.0 µm [17, 18]. These defect–free Pd-alloy membranes can deliverer ≈100 % pure hy-
drogen at the permeate side with very high permeability (10−6 mol·m·m−2·s−1·bar-0.5 at 
573 K) and applied to reactors with a configuration suitable for a specified reaction 
where mass transfer limitations (polarization of the concentration) in the gas phase can 
also be reduced [18-20]. Performing the reaction of methanol steam reforming using Pd-
alloy membranes in packed bed membrane reactors (PBMR) besides the hydrogen puri-
fication, benefits the selective removal of hydrogen from the retentate side (reaction 
bulk), which increases the methanol conversion by hindering the backward reaction 
[16,21]. The methanol steam reforming reaction using Cu/ZnO/Al2O3 catalysts, however, 
is typically performed at temperatures between 473 K and 533 K [22], lower than the 
optimum temperature for Pg-Ag membranes to operate (573 K – 673K). Low tempera-
tures lead to lower membrane permeability and the presence of CO in the reformate 
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steam can adsorb on the membrane surface decreasing the hydrogen permeation flux 
[23]. 
The hydrogen purification for HTPEMFC applications can also be achieved by re-
moving the CO2 and condensable components from the reformate stream. Katiyar et al. 
[24] performed a thermodynamic analysis of the MSR reaction with and without frac-
tional removal of hydrogen and carbon dioxide using an adsorptive reactor, a membrane 
reactor or an adsorptive-membrane reactor. These authors concluded that carbon diox-
ide removal has positive effect on the performance of the reformer and is more suitable 
for fuel cell applications. However, adsorbents such as zeolites or activated carbons ad-
sorb also MSR reactants; e.g., zeolites are quite selective to the methanol adsorption. 
On the other hand, ILs membranes are very promising for producing HT-PEMFC grade 
hydrogen exhibiting high selectivity and permeability to carbon dioxide [25-27]. ILs 
membranes have been proposed as an effective process for the selective separation of 
different chemical species in dilute streams. Ionic liquids present very low vapour pres-
sure, high stability at temperatures up to 573 K [28] and their solubility in the adjacent 
phases can be minimizing by selecting the adequate cation and anion [25]. CO2/CH4 and 
CO2/N2 separations have been performed successfully using ILs membranes; e.g. ionic 
liquids [emim+][BF4] and [emim+][Tf2N−] showed selecxvixes to carbon dioxide, 27 and 
21.2 respectively [28]. On the other hand, Kasahara et al. [29] obtained one of the high-
est permeabilities to carbon dioxide, 14 000 Barrer, and a very high CO2/N2 selectivity, 
100, using a membrane of tetrabutylphosphonium proline-based. Also, many ILs show 
higher permeabilities to carbon dioxide than to hydrogen namely [bmim+][BF4−] that has 
a selectivity of CO2/H2 = 11 [30]. Other results show that permeability increases with the 
temperature and decreases with the increase in transmembrane pressure; furthermore, 
ILs membranes exhibit relatively long-term permeation stability [28]. 
IL membranes have not yet been considered for hydrogen production via LT-MSR 
in a PBMR. However, using these membranes may allow producing high-grade hydrogen 
via low temperature methanol steam reforming (LT-MSR) compared to traditional PBR 
and Pd-based PBMR [21, 24]. In the present study, is presented a CFD analysis of meth-
anol steam reforming with hydrogen or carbon dioxide selective removal, using mem-
brane reactors, and compared with a conventional packed bed reactor (PBR). A metha-
nol steam reforming mechanistic kinetic model was fitted to experimental reaction rates 
obtained using a commercial CuO/ZnO/Al2O3 catalyst operating at low temperatures 
CHAPTER 7 
 
(453K - 513K). For the first time, IL membranes have been considered for hydrogen pu-
rification in PBMR performing the methanol steam reforming. IL membranes were found 
to be potentially able of selectively remove the carbon dioxide from the reaction bulk 
producing a HT-PEMFC grade H2 with minimal carbon content. The required specifica-
tions of the IL membranes for hydrogen purification in a PBMR were obtained, based on 
a three-dimensional non-isothermal PBMR model developed on Fluent. The tempera-
ture, pressure, flow rate of reactants and sweep gas role on the performance of the 
PBMR has been investigated. 
 
7.3. CFD Model 
 
7.3.1. Problem description 
 
A PBMR 3-dimensional model (Fig. 7.1) was developed and implemented in com-
mercial software Fluent, Ansys™. The model describes a tubular shell with 50 mm of 
length and 20 mm of outer diameter, housing a tubular selective membrane with 50 mm 
of length and 10 mm of inner diameter, as shown in Fig. 7.1. The membrane was as-
sumed impermeable for simulating the PBR, permeable to hydrogen for the H2-PBMR, 
and permeable to carbon dioxide and to hydrogen, with different selectivities, for the 
CO2-PBMR. The model was validated with data collected from the literature. 
 
 
Fig. 7.1 Model geometry of the PBR/PBMR. 
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7.3.2. Permeation model 
 
At constant temperature, the permeation flux can be expressed as: 
( )1 1, ,e n ni i ret i permPJ p pδ= −                            (7.1) 
where Ji is the molar flux of species i, ;0 is the membrane permeability, < is the mem-
brane thickness and pi,ret and pi,perm are the partial pressure in the retentate and perme-
ate sides, respectively. For Pd-Ag membranes, n was assumed equal to two, since hydro-
gen has a dissociative sorption on the palladium surface. Assuming n equal to two, 
Eq. 7.1 renders the Fick-Sieverts equation. For ILs membranes n is equal to one. ;0 fol-
lows the Arrhenius equation behaviour (Eq. 7.2). 
o
Ea
RT
e eP P e
−
=
                               
(7.2)
 
where, ;06 is the pre-exponential factor, Ea is the activation energy, R is the ideal gas 
constant and T is the temperature.  
 
The Pd-Ag membrane was considered only permeable to hydrogen and the per-
meation parameters were obtained from Ghasemzade et al. [14]. The membrane tested 
by Ghasemzade et al. [14] is thicker than the ones reported by SINTEF [18, 19], although 
it shows one of the highest permeabilities to hydrogen reported in the literature [16]. 
The permeation parameters of the IL membrane were obtained from Shimoyama et al. 
[31], which considered a membrane impregnated with [bmim][Tf2N] contacting a hu-
midified carbon dioxide stream. Table 7.1 shows the permeation values used for model-
ling the methanol steam reforming reactors. 
 
Table 7.1 Membrane properties. 
Property Pd-Ag membrane[14] ILs membrane [31] 
P06 2.67x10
-5 mol·m·s-1·m-2·bar-0.5 2.49x10-5 mol·m·s-1·m-2·bar 
Ea (J·mol) 10 580 18440 
< (m) 50x10-6 135x10-6; 10x10-6; 1x10-6 
Selectivity H2/CO2 ∞ ∞ ; 1000; 200; 100; 50 
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7.3.3. Kinetic model 
 
The kinetic model suggested by Peppley et al. [32] based on a steady-state analysis 
of the surface reaction mechanisms was used in this work for describing the MSR reac-
tion. The kinetic parameters obtained by Peppley for catalyst BASF K3-110, did not pro-
vide a good agreement with experimental results for BASF RP60 catalyst, especially for 
low temperatures; BASF RP60 catalyst was considered in the present study and show to 
be more active than BASF K3-110. Despite the higher catalytic activity of the BASF RP60, 
the MSR reaction should follow the same mechanism as that presented by Peppley et al. 
[32] for BASF K3-110. The new kinetic parameters were estimated based on the experi-
mental results obtained with a tubular packed bed reactor (Table 2). The reaction was 
considered rate limited, since catalyst powders with particle size between 100-250 µm 
were used to minimize the mass transfer of reactants between the bulk fluid and cata-
lytic surface. The parameters estimation was carried fitting non-linear regression to the 
experimental conversion vs. mcat/FMeOH and minimizing the sum of residual squares, fol-
lowing the same procedure reported as [32]. The enthalpies of adsorption and the active 
sites concentration (&,=
 ) were taken from the literature [32]. The kinetic model com-
prises a set of Langmuir–Hinshelwood rate expressions, which considers MSR, water-
gas-shift (WGS) and methanol decomposition (MD) reactions, as described in the follow-
ing: 
 
Table 7.2 Values of rate and equilibrium constants used in simulation. 
Rate constants and 
equilibrium constants 
Si 
(J∙mol-1∙K-1) 
k∞i 
(m2∙s-1∙mol-1) 
Hi 
(kJ∙mol-1) 
Eai 
(kJ∙mol-1) 
kMSR (m2·s-1·mol-1) - 1.59x1014 - 92.7x103 
K*CH3O(1) (bar-0.5) -46.14 - -20 - 
K*OH(1) (bar-0.5) -36.79 - -20 - 
K*H(1a) (bar-0.5) -116.7 - -50 - 
K*HCOO(1) (bar-0.5) 200.0 - 100 - 
K*CH3O2(1) (bar-0.5) 148.3 - -20 - 
kMD (m2·s-1·mol-1) - 1.13 x1014 - 122x103 
K*OH(2) (bar-0.5) 117.6 - -20 - 
K*H(2a) (bar-0.5) -185.0 - -50 - 
kWGS (m2·s-1·mol-1) - 8.1x1012 - 87.7x103 
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MSR reaction rate equation: 
( )
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Water-gas-shift reaction rate equation:   
2 2 2
(1)
2
2
(1) (1)33 2
(1) 2 2
2 2
* 2
11
2
2
* *
1
* 2
1 1
2 2
1
1
CO H O H CO T
WGS S aOH
WGS CO H OH
WGS
CH OHCH O H OOH
H COHCOO
H H
p p p p
k K C S
k p pp
r
K p K p
K p p
p p
   
 
−      
=
 
 + + + +
 
 
        (7.4)
 
 
Methanol decomposition reaction rate equation:  
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where kj is the reaction rate constant for reaction j, respectively; Ki is the adsorption 
equilibrium coefficient for species i; 
  and 
  are the total catalyst surface concentra-
tions of sites 1 and 2, respectively; 
  and 
  are the total catalyst surface concen-
tration of sites 1a and 2a, respectively. 
The kinetic constants were calculated according to the Arrhenius equation 
(Eq. 7.6) and the adsorption coefficients were calculated according to van’t Hoff equa-
tion (Eq. 7.7). 
0
Ea
RTk k e
−
=
                                
(7.6)
 
ln i
H SK
RT R
∆ ∆
= − +
                             
(7.7)
 
where k0, is the Arrhenius pre-exponential factor and Ea is the activation energy. The ∆ 
and ∆ are the enthalpy and entropy of adsorption respectively. In Table 7.3 are pre-
sented the catalyst properties used in the model.  
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Table 7.3 Catalyst properties used in the model.  
Property Value 
Density (ρcatalyst / kg·m-3) 1.1 
Porosity (ε) 0.38 
Particle size (Dp,  m) 200x10-6 
Surface area (Sarea, m2·kg-1 [32]) 102x103 
Thermal conductivity (λ, W·m-1·K-1[22]) 0.30 
 
7.3.4. PBMR mathematical model  
 
The steady state PBMR model developed is based on the following main assump-
tions: 
- non-isothermal behaviour; 
- for the temperature range considered, all the species were considered in gas 
phase and behaving as ideal gases;  
- the fluid flow was assumed to be laminar and Newtonian;  
- no diffusion limitations in the catalyst were considered;  
- the membrane was considered as a wall with no thickness. 
 
Boundary conditions 
The boundary conditions considered for the reformer are: 
- At the inlet, the flow velocity, gas composition and temperature were consid-
ered constant and defined by user;  
- At the outlet, the pressure was considered to be constant and equal to a spec-
ified value, gradients of temperature and species mass fraction were assumed 
to be equal to zero; 
- At the wall, the temperature was considered constant and the flow obeying to 
the no slip condition. 
 
The permeation model was implemented following two different approaches. 
First, the permeation was modelled considering a source/sink term (Eq. 7.8) introduced 
in the continuity and mass balance equations (Eq. 7.10 and 7.12) [33]. The source term 
allows the species to permeate (sink) in the cell thread adjacent to the membrane, at 
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the retentate side, and appear (source) in the cell thread adjacent to the membrane, at 
the permeate side: 
,permeate
,retentate
i cell i
cell
i
i cell i
cell
J A M
V
S
J A M
V

+

= 

−

                        
(7.8)
 
where ACell and VCell are the area and volume of the cell element respectively, and Mi is 
the molar mass of species i. 
The permeation was also modelled as a boundary condition – second approach, 
defining the mass fraction of species i (Eq. 7.9) on the membrane (wall), and a source 
term in the continuity equation (Eq. 7.10). Both approaches were implemented success-
fully with no significant difference in the simulation results. The source term was imple-
mented for all permeating species using user-defined functions (UDFs) written in C++, 
compiled and loaded to FLUENT. The mass fraction is defined as: 
, ,
i
i perm i ret
i
J
D
ω ω
ρ
= +
∇                            
(7.9)
 
where, ωi,perm, ωi,ret is the mass fraction of the species i in the cell element near to the 
membrane at the permeate and at the retentate sides, respectively.  
The continuity, mass, and momentum equations for the species are described as 
follows: 
 
Continuity Equation  
( ). mu Sρ∇ =                                (7.10) 
where, ρ is the fluid density (kg·m-3), u!" is the fluid velocity vector (m·s-1) and ? is the 
gradient.  
 
Momentum Balance 
( )
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 ∇ = −∇ + ∇ + 
 
− 
= − + = = 
  −
 
         
(7.11)
 
where, ?P is the pressure (Pa) gradient and is the isotropic part of Cauchy stress tensor; 
?τ is the anisotropic part of the stress tensor and describes the viscous forces; S is the 
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source term and represents the external body forces. In this model, the source term is 
the pressure gradient in a porous media and is composed by viscous losses (first term) 
and inertia losses (second term), where Dp is particle diameter (m) and ε is the media 
porosity. 
 
Mass Balance 
( ) effi i i i i MSRu D M rρ ω ρ ω ν∇ = ∇ ∇ +                      (7.12) 
The local mass fraction of the species i, ωi, is calculated using a convection-diffusion 
equation (Eq. 7.12). In the right side of Eq. 7.12, the first term is the mass diffusion term 
described by the Fick’s law, where Di is the mass diffusion coefficient, calculated in this 
model by the kinetic model theory. The second term on the right side is the mass flux of 
species i due to the chemical reaction, where Mi is the molar mass of species i (kg·kmol-1), 
νi is the stoichiometric coefficient of species i in MSR reaction and rMSR is the reaction 
rate (kmol·m-3·s-1).  
 
Energy Balance 
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 (7.13)
 
where, H0 is the total enthalpy (J·kg-1), λeff is the effective thermal conductivity, which 
takes into account the thermal conductivity in the solid and gas phase (W·m-1·K-1), T is 
the temperature (K) and Cp is the specific heat capacity (J·kg-1·K-1). In the model is con-
sidered the energy flux by conduction and by pressure work, represented by the first 
two terms in the right part of the equation. ST is the source term and represents the heat 
flux due to the chemical reaction. The chemical reaction was implemented using the 
user-defined functions (UDFs) that were written in C++, compiled and hooked to FLU-
ENT.  
To analyse the effect of the mesh on the simulation results, several runs with an 
increasing number of elements were performed. The selected mesh for simulating the 
membrane reactor, gives a methanol conversion with a maximum difference of 0.05 % 
relative to the value obtained using a mesh with the double of elements. The mesh con-
sidered for the PBMR model is composed by 3.0x104 elements. 
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7.4. Experimental 
 
A tubular reactor with 7.5 mm of inner diameter was filled with 1.5 g of commer-
cial catalyst (BASF RP60) with particle size between 100-250 µm, mixed with 1.5 g of 
glass beads with the same diameter to minimize the temperature profiles and to operate 
near to isothermal conditions. The reactor was closed and placed inside an oven with 
controlled temperature. The temperature of the reactor was measured inside the cata-
lyst bed. The catalyst was reduced in situ during 2 hours with 20 cm3·min-1 of hydrogen 
and 180 cm3·min-1 of N2 at 453 K to avoid sintering the catalyst. The reforming reaction 
was carried out between 453 K and 513 K, at space-time values (mcat/FMeOH) between 
50 kg·s·mol-1 and 550 kg·s·mol-1 and at operating pressures between 1 bar and 3 bar. The 
water/methanol mixture with molar steam to carbon ratio (S/C) of 1.5 was pumped us-
ing an HPLC pump (LaPrep P130) as shown in Fig. 7.2.  
 
Fig. 7.2 Scheme of the experimental unit used for catalyst characterization 
 
The reformate stream passed through a cold trap to remove the condensable 
components; the flow of the non-condensable species was measured using a mass flow 
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meter; hydrogen and carbon dioxide concentration was determined by mass spectrom-
etry (Pfeiffer OmniStartm) and CO concentration was determined using a specific ana-
lyser (Signal Inst. 7000FM GFC).  
 
7.5. Results and Discussion 
 
7.5.1. Validation of the kinetic model 
 
To validate the MSR kinetic model, simulation results for an isothermal packed 
bed reactor model were compared with experimental data obtained in this work. Fig. 7.3 
shows the experimental (including the experimental) and simulated methanol conver-
sion, hydrogen and CO production as a function of the space-time and for several reac-
tion temperatures. The simulation results present a good agreement to the experimental 
data for the studied conditions, as shown in the parity plot (Fig. 7.4); the maximum rel-
ative difference between experimental and simulated results is less than 5 % and the 
coefficient of determination (R2) is >0.996 for the methanol conversion and hydrogen 
production and <0.957 for the CO production. As expected, the methanol conversion is 
highly dependent of the temperature and the hydrogen production rate decreases with 
the space-time. At temperatures lower than 473 K, the methanol decomposition reac-
tion has very low conversion and the carbon monoxide is almost exclusively produced 
from the reverse water gas shift reaction. As a result, the carbon monoxide concentra-
tion increases with the partial pressure of hydrogen and carbon dioxide and conse-
quently it increases for higher space-time ratios (mcat/FMeOH). Experimentally, full meth-
anol conversion was achieved for a mcat/FMeOH of 200 kg·mol-1·s and for 350 kg·mol-1·s at 
493 K and 473 K, respectively. Full conversion, however, was not achieved at 453 K for 
the space-time range analysed. The results showed that the carbon monoxide concen-
tration at temperatures lower than 493 K stays below 6000 ppm. According to the liter-
ature, carbon monoxide concentrations lower than 30 000 ppm [4] do not have signifi-
cant impact on the HT-PEMFCs performance.  
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Fig. 7.3 Experimental and simulated methanol conversion (a),  H2 production flowrate (b) and CO 
production rate (c) as a function of space-time ratio and for different temperatures, Pout = 1 bar 
and S/C = 1.5.  
 
 
Fig. 7.4 Parity plot of the experimental and calculated reaction of methanol consumption rate. 
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7.5.2. Validation of the permeation model 
 
The hydrogen permeation model was validated against the experimental data re-
ported by Ghasemzade et al. [14] (Fig. 7.5). Using the same MSR kinetic and the perme-
ation parameters reported by these authors, it was obtained a good agreement between 
modelling and experimental data. The enhancement on the methanol conversion due to 
the hydrogen removal through permeation can be clearly observed in Fig. 7.5. It is also 
observed a decrease in the methanol conversion with the pressure increase due to the 
backward reaction, as reported by Peppley et al. [32]. 
 
 
 
Fig. 7.5 Methanol conversion as a function of the retentate pressure for a PBR and H2-PBMR 
(model and experimental) at 553 K, a steam to carbon molar ratio (S/C) of 1, GHSV=1800 h-1 and 
a sweep to feed molar ratio (SF) of 8.9 (experimental data from [14]). 
 
7.5.3. PBMR, 3-dimensional model 
 
The 3-dimensional model provides the spatial profiles of each species and tem-
perature in the reactor offering other means to examine the performance of the PBMR 
and allowing results that are more accurate compared to 1-dimensional model. Fig. 7.6 
shows contours of the temperature inside the PBMR running at 473 K and for mcat/FMeOH 
= 400 kg·mol-1·s. Near to the inlet of the catalyst bed (retentate) is clearly observed a 
colder region with temperature sink of ca. 20 K. The temperature sink in that region of 
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the PBMR shows the existence of heat transfer limitations. This fact is related to the 
endothermic nature of the reaction, the high reaction rate value in the inlet region and 
the low thermal conductivity of the catalyst. The effective thermal conductivity of the 
catalyst depends on the catalyst void fraction, which reduces significantly the capacity 
to transport heat between the reactor wall and the centre of the catalyst bed. The tem-
perature drop leads to a significant decrease on the methanol conversion compared to 
values obtained if isothermal conditions are considered.  
 
 
Fig. 7.6 Temperature contours for a PBMR with a membrane at 473 K and mcat/FMeOH = 
400 kg·mol-1·s. 
 
Fig. 7.7 shows contours of the hydrogen and carbon dioxide mass fractions inside 
the H2-PBMR and CO2-PBMR, respectively. The highest hydrogen mass fraction is found 
at the middle of H2-PBMR due to continuous permeation through the membrane, while 
in PBR the hydrogen mole fraction increases from the inlet to the outlet of the reactor. 
Fig. 7.7b shows a high carbon dioxide concentration near the permeate side of the mem-
brane and a low concentration near the retentate side of the membrane. When highly 
permeable membranes, with a few micrometres of thickness are used, the diffusion of 
the permeating component through the gas phase can limit the permeation [20]. In this 
case the permeating component is transported more rapidly through the membrane 
than through the polarization gas layer (concentration polarization), reducing the con-
centration gradient across the membrane and consequently the membrane permeation 
[34].  
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Fig. 7.7 Hydrogen mass fraction mass fraction contours for a H2-PBMR (a) and the carbon dioxide 
mass fraction contours for a CO2-PBMR (b) at 473 K and mcat/FMeOH = 400 kg·mol-1·s. 
 
7.5.4. Methanol conversion in PBMRs 
 
The performance of membrane reactors is affected by temperature, pressure, 
space-time ratio, sweep flow rate factor (SF) and S/C ratio. Fig. 7.8 shows the methanol 
conversion as a function of the space-time ratio for the PBR and H2-PBMR configurations 
at 473 K, 493 K and 513 K. Methanol conversion enhancement is observed when hydro-
gen is selectively removed from the reaction bulk; this enhancement is normally assigned 
to the partially suppression of the methanol steam reforming backward reaction [14,16]. 
Nevertheless, in this study a considerable increase in the residence time was observed 
because of the hydrogen removal from the reaction medium. For example, at 473 K, 
∆P = 2 bar, SF = 5 and mcat/FMeOH = 200 kg·mol-1·s the residence time is 30.2 % greater in 
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the H2-PBMR than in the PBR. Therefore, the most important contribution for the meth-
anol conversion enhancement is the increase of the residence time.  
 
 
Fig. 7.8 Simulated methanol conversion as a function of space-time for PBR and H2-PBMR (selec-
tive towards H2) non-isothermal at different temperatures, Prent = 3 bar, SF = 10 and S/C = 1.5. 
 
Shimoyama et al. [31] tested an IL membrane with a thickness of ca. 135 µm; thin-
ner membranes would display higher permeances but also may display more defects 
reducing the selectivity. Fig. 7.9 shows the methanol conversion as a function of the 
space-time ratio and temperature for both reactor configurations, PBR and CO2-PBMR, 
at 473 K, 493 K and 513 K assuming an IL membrane 1 µm thick and displaying an infinite 
selectivity to carbon dioxide. Though assuming a very high performing carbon dioxide 
selective membrane, the selective carbon dioxide removal originates a smaller methanol 
conversion enhancement than when using a hydrogen selective membrane. Peppley et 
al. [32] reported already that carbon dioxide concentration have a minor effect on the 
methanol conversion. Actually, in the MSR reaction rate (Eq. 7.3) the order of the carbon 
dioxide for backward reaction is one while for hydrogen is three. Most of the methanol 
conversion enhancement is then related to the increase on the residence time due to 
the selective carbon dioxide removal from the reaction medium. For example, at 473 K, 
∆P = 2 bar, SF = 5 and mcat/FMeOH = 200 kg·mol-1·s the residence time is 13.3 % greater in 
the CO2-PBMR than in the PBR.  
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Fig. 7.9 Simulated methanol conversion as function of space-time ratio for PBR and CO2-PBMR 
(selective towards CO2) at 473 K, Pret = 3 bar, SF = 10 and S/C = 1.5. The CO2 selective membrane 
was assumed 1 µm thick with infinite ideal selectivity. 
 
To achieve high methanol conversion at low operating temperatures low feed 
flow rates or high amounts of catalyst are required. Therefore, the methanol conversion 
enhancement obtained due to the selective removal of hydrogen or carbon dioxide be-
comes especially interesting for lower reaction temperatures. Since hydrogen or carbon 
dioxide production (MSR reaction rate) increases faster with temperature than the hy-
drogen or carbon dioxide permeation, the methanol conversion enhancement when us-
ing a membrane reactor is higher for lower temperatures, as shown in Fig. 7.10. This 
figure shows the methanol conversion for a H2-PMBR and CO2-PMBR with the same 
space-time ratio of a corresponding PBR with a methanol conversion of 85 %, as a func-
tion of the reaction temperature. At temperatures below 463 K, the effect of hydrogen 
selective removal in the methanol conversion reaches a plateau, with an increase of ca. 
10 percentage points in the methanol conversion. In the other hand, the effect of carbon 
dioxide selective removal in the methanol conversion is in average 5 percentage points 
lower than the hydrogen selective removal. The profiles observed in Fig. 7.10 depend on 
the membrane and catalyst properties. Catalyst with lower activity will show this maxi-
mum of enhancement at higher temperatures, since they required higher space-time 
ratios to achieve high conversions.      
 
 
 0
 20
 40
 60
 80
 100
0 100 200 300 400 500 600 700
C
o
n
ve
rs
io
n
 (
%
)
mcat/FMeOH (kg·mol
-1·s)
PBR - 473 K
CO2-PBMR - 473 K
PBR 493 K
CO2-PBMR 493 K
PBR - 513 K
CO2-PBMR - 513 K
H2 PRODUCTION WITH LOW CARBON CONTENT IN PBMRS 
 
203 
 
 
Fig. 7.10 Methanol conversion enhancement as a function of temperature for a H2-PBMR and 
CO2-PBMR (membrane 1 µm thick) with the same space-time ratio of a corresponding PBR with 
a methanol conversion of 85 %, Pret = 3 bar, SF = 10 and S/C = 1.5. Lines were added for readability. 
 
The enhancement in the methanol conversion depends on hydrogen/carbon di-
oxide permeation and is more significant when hydrogen is being selective removed 
than carbon dioxide. The hydrogen permeation is influenced by the SF and the partial 
pressure difference between permeate and retentate sides. Fig. 7.11 and 12 show the 
methanol conversion as a function of the total pressure and the SF, respectively. For a 
pressure of 2 bar in the retentate side and 10 mbar in the permeate side a methanol 
conversion of 92.8 % was obtained, while at 100 mbar a methanol conversion of 93.3 % 
was obtained. Lower pressure in the permeate side increases the hydrogen permeation, 
but also limits the heat transport in the permeate region decreasing the temperature on 
the catalyst bed. Increasing the pressure in the retentate side can also increase the hy-
drogen permeation and consequently the methanol conversion, e.g., at 4 bar in the re-
tentate a methanol conversion of 93.3 % was obtained. Fig. 7.11 shows that increasing 
the SF can increase significantly the methanol conversion, due to the increase in the 
permeation and heat transport. For SF= 20 the methanol conversion can be improved to 
93.1%. However, assuming that the sweep gas is steam, the usage of a high SF will rep-
resent high-energy cost without a significant benefit. 
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Fig. 7.11 Methanol conversion as function of permeate (a) and retentate (b) pressure for PBR 
and H2-PBMR, mcat/FMeOH = 400 kg·mol-1·s and T= 473 K. Lines were added for readability. 
 
 
Fig. 7.12 Methanol conversion as function of SF for PBR and H2-PBMR (selective towards H2), 
mcat/FMeOH = 400 kg·mol-1·s, Pret = 2 bar and S/C = 1.5. Lines were added for readability. 
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7.5.5. Hydrogen purity in PBMRs 
 
The benefits of using a CO2-PBMR for running the MSR reaction considering the 
enhancement in the methanol conversion become questionable especially if it is as-
sumed a conventional PBR followed by a membrane module for selectively remove car-
bon dioxide, operating at an optimised temperature. The major benefit of using a CO2-
PBMR is the compactness of the device, since reaction and purification processes are 
carried simultaneously. Feeding a HT-PEMFC with a purified hydrogen stream allows 
lower hydrogen stoichiometry and higher current densities [7, 8]. For example, a HT-
PEMFC fed with methanol reformate (75 % H2 and 25% CO2) and at hydrogen stoichio-
metric ratio of 1.2 wastes ca. 27 % of the inlet hydrogen and the  hydrogen vent concen-
tration is 20 %. The hydrogen purity is an important issue that should be taken into ac-
count since lower hydrogen concentration originates mass transport limitation in the 
anode especially at high current densities [8].  
The hydrogen purity of the reformate stream using a CO2-PBMR depends mainly 
on the permeability of the of the IL membranes, while using a H2-PBMR depends on the 
selectivity of the Pd-Ag membranes. The selectivity of Pd-Ag membranes is typically 
above 97%, but for membranes with thicknesses of a few micrometres, this value can 
decrease [9]. In this work, and according with literature [4], the Pd-Ag membrane was 
permeable only to hydrogen, therefore pure hydrogen is obtained in the permeate side. 
The IL membrane developed by Shimoyama et al. [31] and considered in the CO2-PBMR 
as thickness of ca. 135 µm, however thinner membranes would display higher perme-
ances increasing the hydrogen purity. Fig. 7.13 shows the hydrogen concentration in the 
retentate side after removing the condensable components for different ILs membrane 
thicknesses. As shown in Fig. 7.13, higher purities can be achieved decreasing the thick-
ness of the membrane (higher permeances). The feed pressure as well the sweep gas 
ratio plays a more important role in the membrane permeation to carbon dioxide; for SF 
≥ 10, the benefit in the H2 purity is small. To perform the methanol steam reforming 
reaction in CO2-PBMR only membranes with permeances of at least 
1x10-1 mol·s 1·m-2·bar-1 at 473 K can be effectively used.  
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Fig. 7.13 Simulated hydrogen purity as function of sweep factor (a) and retentate pressure (b) 
for a CO2-PBMR at 473 K and S/C = 1.5 and infinite ideal selectivity. -  - δ =135 µm; -  - δ 
=10 µm; -● - δ =1 µm. Lines were added for readability. 
 
Fig. 7.14 shows the hydrogen purity for a 1 µm thick IL membrane with different 
selectivities. For membrane selectivities above 200 (Pe(CO2)/Pe(H2) > 200) no significant 
increase in hydrogen purity is observed. At a SF of 10, a feed pressure of 2 bar and se-
lectivity of 200 the hydrogen purity is ca. 95 %, which is a remarkable value. For selectiv-
ities lower than 50, the hydrogen purity is significantly affected. An IL membrane for use 
in a CO2-PBMR should display selectivity higher than ca. 200. 
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Fig. 7.14 Simulated hydrogen purity as function of SF for a CO2-PBMR with a membrane thick-
ness of 1 µm, running at 473 K, Pret = 2, S/C = 1.5. Lines were added for readability. 
 
7.5.6. Hydrogen recovery in PBMRs 
 
For PBMRs besides the hydrogen purity, the hydrogen recovery is also important 
to take into account. Fig. 7.15 represents the hydrogen recovery as a function of the 
sweep gas factor for IL membranes with different selectivities.  
 
 
Fig. 7.15 Hydrogen recovery as function of retentate pressure for a CO2-PBMR with ILs mem-
brane at 473 K, Prent = 2 bar, mcat/FMeOH = 400 kg·mol-1·s and S/C = 1.5.  Lines were added for read-
ability. 
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For CO2-PBMR increasing the sweep gas flowrate has a low energy cost, since air 
can be used. For a membrane with a carbon dioxide over hydrogen ideal selectivity of 
200 and a SF of 5, the recovery is 83.5 %. Sweep factors above 5 do not decrease signif-
icantly the recovery but have a positive effect on the hydrogen purity (Fig. 7.14). Since 
the aim of this work is to produce a hydrogen stream with low carbon content and high 
hydrogen recovery, the carbon dioxide to hydrogen selectivity should be above 200. 
For H2-PBMR, using a sweep gas to enhance the hydrogen recovery can represent 
high energy costs; since the hydrogen must be easily separated from the sweeping gas, 
water vapour is typically considered. Fig. 7.16 shows the hydrogen recovery Pd-Ag mem-
branes at 473 K considering vacuum or a sweep gas in the permeate side.  
 
 
Fig. 7.16 Hydrogen recovery as function of permeate pressure (a) and SF (b) for a H2-PBMR with 
Pd-Ag membrane at 473 K, mcat/FMeOH = 400 kg·mol-1·s, Prent = 2 bar and S/C = 1.5. Lines were 
added for readability. 
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The recovery provided by the Pd-Ag membrane depends on the operating condi-
tions [35]. For high SF or high vacuum in the permeate side hydrogen high recoveries 
were obtained, ca. 90 %. However, the amount of hydrogen wasted reduces the effi-
ciency of the system, moreover higher recoveries correspond to higher energy costs. The 
application of low vacuum in the permeate side (e.g. 100 mbar) is energetically more 
efficient than using sweep gas (due to evaporation and condensation) and allows high 
hydrogen recoveries (Fig. 7.16). Nevertheless, the used of vacuum pumps has other in-
conveniences such as higher complexity, higher equipment costs and is not applicable 
for small power supplies.  
 
7.5.7. Energy efficiency in PBMRs 
 
The energy needed for running the MSR in a CO2-PBMR or H2-PBMR should now 
be assessed and compared. The energy consumption per mole of methanol fed to the 
reformer (Econs/nMeOH) was computed considering the heating and vaporising the reac-
tants, the energy needed to run the reformer reaction and the compressing and vacuum 
energy for purifying the produced hydrogen [36]. For simplicity, the compression and 
vacuum pumps were assumed to have an efficiency of 75 %. Concerning the IL mem-
brane reformer, the sweep gas was assumed to be air heated at the HT-PEMFC while 
concerning the H2-PBMR it was assumed the need of a vacuum pump at the permeate 
side. Since the HT-PEMFC needs to be cooled down, the energy needed for heating up 
the sweep air was not accounted an as energy input to the combined system.  
Fig. 7.17 displays the specific energy needed for run the methanol reformer in-
serted in a combined LT-MSR / HT-PEMFC system as a function of the hydrogen recovery. 
The IL membrane was assumed to have a hydrogen ideal selectivity of 200 and 1 µm 
thick, while the Pd-Ag membrane was assumed permeable only to hydrogen with char-
acteristics reported in Table 7.1. Assuming a recovery above 80 % and a hydrogen con-
centration higher than 95 %, the H2-PBMR displays an energy consumption 5 % higher 
than the CO2-PBMR. The advantage of the CO2-PBMR grows for higher hydrogen recov-
eries, as depicted in Fig. 7.17. 
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Fig. 7.17 Energy consumption per mole of methanol fed (Econs/nMeOH) to the PBMR as a function 
of H2 recoveries at 473 K, S/C = 1.5 and mcat/FMeOH = 400 kg·mol-1·s; the hydrogen recovery varia-
tion was achieved for IL membrane by changing the SF, while for Pd-Ag membrane was by chang-
ing the pressure in the permeate side.  
 
7.6. Conclusions 
 
The methanol steam reforming in packed bed membrane reactors, was discussed 
based on a CFD-based simulator, either considering hydrogen or carbon dioxide selective 
removal from the reaction bulk. The 3-dimensional isothermal PBMR model considered 
a Pd-Ag membrane selective to hydrogen, an ILs membrane selective to carbon dioxide, 
and a conventional packed bed reactor (PBR) as reference. Good agreement was ob-
tained between modelling and experimental results. The selective hydrogen removal 
from the reaction bulk results in a methanol conversion enhancement assigned to the 
partial suppression of the backward methanol steam reforming reaction and an increase 
on the residence time. The MSR reaction rate increases with the temperature as well as 
the hydrogen permeation through the palladium-based membrane. However, the hy-
drogen generation increases faster with temperature than the hydrogen permeation; 
this makes the enhancement of methanol conversion more noticeable at lower temper-
atures. The H2-PBMR at high hydrogen permeation driving force the hydrogen recovery 
is ca. 90 %. The selective carbon dioxide removal reactor originates a smaller methanol 
conversion enhancement than when using a hydrogen selective membrane, especially 
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at lower temperatures. The results indicated that only very selective and fast mem-
branes, >1x10-1 mol·s 1·m-2·bar-1 at 473 K and ideal selectivities >200, can effectively be 
used in a PBMR. A CO2-PBMR can produce a stream with a hydrogen concentration of 
95 % with a recovery of 83 % at mcat/FMeOH = 200 kg·mol-1, SF = 10 and running at 473 K. 
CO2-PBMRs show to be more energy efficient than H2-PBMR especially for high hydrogen 
recoveries. 
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 Chapter 8 
 
Integration of a PBMR with a HT-PMFC (modelling) 
 
 
 
 
 
8.1. Abstract 
 
In this work, the methanol steam reforming catalyst was considered into the an-
odic compartment of a high temperature polymer electrolyte fuel cell (HT-PEMFC), 
where reforming and electrochemical reactions occur simultaneously. To avoid the an-
ode electro-catalyst poisoning by methanol, a Pd-Ag membrane, with a thickness of a 
few micrometres, was considered between the reforming catalyst and the membrane 
electrode assembly. A 3-dimensional non-isothermal simulator was developed in Fluent 
(Ansys™) considering a packed bed membrane reactor cell (PBMR-C) combined with a 
HT-PEMFC in a single unit. The performance of the combined unit depends on the per-
meability, selectivity and stability of Pd-Ag membrane at 473 K. Therefore, a self-sup-
ported Pd-Ag membrane with a thickness of 4 µm, was produced with no defects by 
magnetron sputtering. The membrane showed a H2/N2 molar selectivity of ca. 5800 and 
permeability of 2.94×10-6 mol·m·s-1·m-2·bar-0.8 at 473 K. The novel PBMR-C/HT-PEMFC af-
ter proper validation was analysed by simulation, showing high performance, similar to 
the one obtained with a HT-PEMFC fed with hydrogen and allowed efficient heat inte-
gration between electrochemical and MSR reaction. The PBMR-C/HT-PEMFC also 
demonstrated to be very compact. The advantages and limitations of the combined 
PBMR-C/HT-PEMFC unit are discussed based on the simulated results.  
____________________________ 
The content of this chapter is adapted from: P. Ribeirinha, M. Abdollahzadeh, A. Pereira, F. 
Relvas, M. Boaventura, A. Mendes, High temperature PEM fuel cell integrated with a cellular mem-
brane methanol steam reformer: Experimental and modelling, Applied Energy 215 (2018) 659-669  
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8.2. Introduction  
 
High temperature polymer electrolyte membrane fuel cells (HT-PEMFCs) com-
bined with fuel processors, have been extensively reported in the literature [1-7]. Most 
studies focus their attention in the thermal coupling with catalytic combustors and re-
formers [3-7], where heat losses to the environment are a critical factor to the overall 
efficiency of the system [6, 7]. Several numerical studies have also been reported con-
sidering thermal fluids for heat transfer between the fuel stack and auxiliary systems 
[8,9], evaluating the efficiency of a HT-PEMFC stack operating at different temperatures 
[10,11] or considering micro-combined heat and power (CHP) plants [12,13]. The oper-
ation of a HT-PEMFC and reformer at the same temperature (<473 K) was considered by 
a few authors; in general, the results showed high voltage losses (160-200 mV) even at 
473 K and low current densities, due to insufficient fuel supply from the reformer and 
the presence of residual methanol in the reformate stream [14-17].  Only recently it was 
reported a combined methanol steam reformer cell (MSR-C) and a HT-PEMFC able to 
produce high current densities (> 0.5 A·cm-2) running both devices at 453 K [18-19]. De-
signing a combined HT-PEMFC and fuel reformer system requires special attention due 
to the elevated temperatures, proper heat integration and control strategies to obtain a 
reliable, compact and efficient device [20]. These concerns could be mitigated by incor-
porating the methanol steam reforming (MSR) catalyst into the anodic compartment of 
the HT-PEMFC, where both reforming and electrochemical reactions occur simultane-
ously (internal reforming) [15, 16]. This configuration was experimentally assessed by 
Avgouropoulos et al. [15]. These authors observed high voltage losses and low current 
densities due to low methanol conversion, where the unconverted methanol poisons 
the electro-catalyst. Later, the same authors [21] incorporated a thin graphite plate as a 
physical barrier between the reformer and the anode electrocatalyst of the cell, to im-
prove the gas distribution along the electrocatalytic layer, reducing the phosphoric acid 
back diffusion and the electro-catalyst poisoning by unreacted methanol. The fuel cell 
performance was improved, but still far from the reported for HT-PEMFCs fed with pure 
hydrogen [19]. Commercial MSR catalysts do not present yet the activity necessary to 
operate at low temperatures, < 473 K [14-19]. Efforts have been made to develop new 
low-temperature MSR catalysts; the gallium-promoted copper-based catalysts, are one 
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of the most promising catalysts, showing high activity and selectivity at temperatures 
lower than 473 K [22,23,24]. 
Palladium membranes show high selectivity and high permeability to hydrogen 
between 523 K – 873 K [25, 26]. The hydrogen purification for PEMFC applications from 
reformer streams is one of the most important application for Pd-based membranes [27-
28]. Typically, Pd-based membranes consist of a thin layer (<20 μm) of the palladium or 
palladium alloy deposited onto a porous ceramic or metal substrate [28, 29]. The alloying 
elements, such as Ag, can improve the resistance to hydrogen embrittlement [30] and 
increase hydrogen permeability [31] of the membrane. The introduction of Ag decreases 
the hydrogen diffusivity in Pd-alloyed membranes but increases the hydrogen solubility; 
the maximum permeability of Pd-Ag membranes to hydrogen was found for a silver con-
tent of ca. 23 wt.% Ag [29]. These Pd-alloyed membranes have good mechanical stability, 
lower material costs and can deliverer ≈100 % pure hydrogen at the permeate side with 
a permeability of 10−6 mol·m·m−2·s−1·bar-0.5 at temperatures above 573 K. For producing 
metallic thin films onto porous metallic or ceramic supports three techniques are re-
ported: electroless plating [31, 32], chemical vapour deposition (CVD) [33, 34] and phys-
ical sputtering [35, 36]. Under controlled conditions all three methods produce good 
quality membranes, being the electroless plating technique a quite simple and often 
more effective method and the CVD method the easiest to scale up and flexible to apply 
a metal film on a support of different geometries. Direct current (DC) or radio frequency 
(RF) sputtering methods have the advantage of producing very thin Pd-Ag membranes, 
not supported, of good quality. One of the most remarkable procedures to prepare Pd-
alloy membrane was developed by SINTEF using a two-steps sputtering technique [37, 
38]. The Pd-Ag films are prepared as a foil by DC-magnetron sputtering on a silicon 
mono-crystalline wafer used as substrate. Noble metals do not adhere well to oxygen-
rich surfaces (also named de-adhesion), since only physical bonds are created between 
the Pd-Ag film and substrate. Therefore, the metallic foils can be pulled off their sub-
strate after deposition, transferred and placed onto a membrane support. This tech-
nique can produce defect–free Pd-alloy membranes with a nominal thicknesses ranging 
from 0.8 to 10.0 µm [37, 38], making their use possible for hydrogen purification at tem-
peratures of ca. 473 K with considerable high permeances. Pd-Ag films can be easily ap-
plied to packed bed reactors with different configurations where mass transfer limita-
tions (polarization of the concentration) in the gas phase can be reduced [39, 40]. The 
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use of packed bed membrane reactors (PBMR) equipped with Pd-alloy membranes to 
perform steam reforming of hydrocarbonates, allows the hydrogen product purification 
and allows increasing the conversion by hindering the backward reactions [25,28]. 
In this work a novel packed bed membrane reactor cell (PBMR-C) coupled with a 
HT-PEMFC, was suggested for the first time and studied by numerical simulation. The 
methanol steam reforming (MSR) catalyst was inserted in a serpentine channel of the 
cellular reformer, separated from the membrane electrode assembly (MEA) of the fuel 
cell by highly permeable and selective Pd-Ag membrane. The mathematical model used 
for simulating the HT-PEMFC considers the electrochemical reactions at the anode and 
cathode catalyst layers, the temperature, the phosphoric acid doping level and the influ-
ence of the water content on the membrane proton conductivity [10, 41, 42]. The kinetic 
model for the methanol steam reforming reaction was based on a Langmuir–Hinshel-
wood model with an overall reaction network comprising methanol steam reforming 
(MSR) reaction, reverse water-gas-shift (RWGS) and methanol decomposition (MD) [43]. 
The membrane permeability and selectivity was obtained experimentally. The combined 
PBMR-C/HT-PEMFC unit were discussed based on the simulated results and were com-
pared with a HT-PEMFC fed with pure hydrogen. 
 
8.3. PBMR-C/HT-PEMFC model 
 
8.3.1. Physical model 
 
The PBMR-C/HT-PEMFC physical model considers a cellular reformer separated 
from the MEA of the fuel cell by Pd-Ag membrane, as depicted in Fig. 8.1. The combined 
unit was assumed equipped with a 45 cm2 Celtec P2200N MEA from BASF, with a catalyst 
loading of 1 mg Pt·cm-2 on the anode and 0.85 mg Pt·cm-2 on the cathode. The reformer 
channels were assumed filled with commercial catalyst (CuO/ZnO/Al2O3) from BASF (RP-
60) with particle size between 200-400 µm. To reduce the computational costs, a simpli-
fied 3D geometry of the PBMR-C/HT-PEMFC was considered (Fig. 8.2), following the 
same approach reported in the literature [10, 41, 42]. Therefore, one third of the com-
plete geometry was modelled: one straight channel of the reformer, a Pd-Ag membrane, 
a MEA (composed by anode and cathode gas diffusion layers – GDL, anode and cathode 
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catalyst layers – CL and phosphoric acid doped polybenzimidazole – PBI membrane), and 
two straight and parallel channels of the cathode bipolar plate, as shown in the mesh 
configuration in Fig. 8.2. The dimensions and relevant physical parameters are summa-
rized in Table 8.1.  
 
 
Fig. 8.1 Assembly scheme of the integrated unit (PBMR-C/HT-PEMFC); two metal end-plates 
frames (1), gold coated reformer (2), Pd-Ag membrane (3), gasket (4), MEA (5), graphite compo-
site bipolar plate (6) and current collector (7). 
  
 
Fig. 8.2 Computational domain and mesh configuration of the PBMR-C/HT-PEMFC. 
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Table 8.1 PBMR-C/HT-PEMFC physical properties. 
Parameter Value 
Thickness (δ, µm) CLa, CLc, GDLa,c, PBI membrane, Pd-
Ag Membrane 
40, 30, 350, 65, 4 
Reformer channel (mm) length, width, depth 312.5, 4, (8, 5,2.5)  
BPPCat channel (mm) length, width, depth, rib width 312.5, 1.5, 1.4, 1 
Porosity (ε) GDL, CL, MSRcat 0.6, 0.1, 0.32 
Electrolyte volume fraction (lm) 0.754 
Phosphoric acid doping level (DL) 16.76 
Permeabilities (Pe, m2) [41] GDL, CL, MSRcat 1x10-13, 1x10-12, 1x10-11 
Volumetric mass density (ρ, kg·m-3) CLa,c, GDLa,c, 
membrane[41], MSRcat[43] 
1000, 1000, 1000, 1300 
Specific heat capacity (Cp, J·kg-1·K-1) CLa,c, GDLa,c, 
membrane[41], MSRcat[43] 
3300, 586, 1650, 1580, 800 
Thermal conductivity (K, W·m-1·K-1) CLa,c, GDLa,c, 
membrane[41], MSRcat[43] 
1.7, 1.7, 0.95, 237.0, 0.3 
Electric conductivity (σs, S·m-1) [41] CLa,c, GDLa,c, BPP 1250, 1250, 14000 
Stoichiometry (λ) hydrogen, oxygen 1.2, 2 
Steam to carbon ratio (S/C) 1.5 
Operating pressure (P, bar) 1  
Operating temperature (T, K) 433-473 
Relative humidity of gases 0 
MSRcat mass (mcat, kg) 0.013, 0.008, 0.004 
 
8.3.2. Mathematical model 
 
The present work considers a 3-dimension non-isothermal model for HT-PEMFC 
combined with a PBMR-C following a single domain approach. The model presents a full 
description of the transport of charge, mass and thermal energy in a single-phase sys-
tem, including the electrochemical model, the kinetic model for methanol steam reform-
ing reaction and the permeation model.  
 
Main assumptions 
The following simplifications were considered in the PBMR-C/HT-PEMFC model: 
- gas mixtures were considered ideal,  
- flow was assumed to be laminar and the effect of gravity was neglected, 
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- membrane, CL, GDL, BPP and MSR catalyst were assumed isotropic and ho-
mogenous, 
- fuel cell membrane was considered impermeable to all gases,  
- only protons were accounted for the transport through membrane, 
- the Pd-Ag membrane was considered as a wall with no thickness 
- no diffusion limitations in the MSR catalyst were considered; 
 
The model governing equations consist of conservation of mass, momentum, en-
ergy, species and charges, as described in the following subsections: 
 
Continuity equation: 
( ) mu Sρ∇ ⋅ =                                (8.1) 
where, ρ is the fluid volumetric mass density calculated using the ideal gas 
equation,  !" is the fluid velocity vector, and ∇ is the operator gradient. Sm represent 
the source terms, which considers the production and consumption of species due 
to the electrochemical reactions, the methanol steam reforming reactions and H2 
permeation (more detail in [41-43]), as summarized in Table 8.2.  
 
Conservation of momentum of the gas mixture: 
2 . u
uu p Sρ τ
ε
 ∇ ⋅ = −∇ + ∇ + 
 
 
                         
(8.2) 
where, ε is the media porosity and ∇p is the pressure gradient and ∇τ is the anisotropic 
part of the stress tensor and describes the viscous forces. The source term (Su) is the 
pressure gradient (drop) in a porous media calculated using the Darcy’s law (Eq.12, Table 
8.2), which considers the intrinsic permeability (Pe) and the viscosity (µ) of the gases.  
     
 
Species conservation equation:  
( )i i iu j Sρ ω∇ ⋅ = ∇ +                             (8.3) 
where ωi is the local mass fraction of the specie i and ji is the mass diffusion flux of the 
specie i. The mass diffusion flux is calculated by the Fick’s law ( 1.5i i ij Dρε ω= ∇ ) modified 
by the Bruggman relation for the diffusion (%&) in a porous media; the physical and 
transport properties of the gases, are presented in Table 8.3. Si are the source terms due 
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to the electrochemical reactions, the methanol steam reforming reactions (MSR, WGS 
and MD) and the H2 permeation, as summarized in Table 8.2. The kinetic parameter used 
in this work to obtain the reaction rates (rj) MSR, MD and RWGS are summarized else-
where [43]. 
 
Energy equation: 
( ). -c
ref
TN
i i eff T
i T
u y Cp dT T uP Sρ λ
  
 ∇ = ∇ ∇ ∇ + 
  
  
 

              (8.4) 
where, Cpi is the specific heat capacity of species i and λeff is the effective thermal con-
ductivity, which takes into account the thermal conductivity in the solid and gas phase, 
and T is the absolute temperature. ST is the source term which includes the heat flux due 
to the electrochemical reaction, ohmic resistance, activation losses and MSR chemical 
reaction,  
 
Charge conservation equations  
( ).
s
eff
s s Sϕσ ϕ∇ − ∇ =                             (8.5) 
( ).
m
eff
m m Sϕσ ϕ∇ − ∇ =                             (8.6) 
where, )* and )+ are the electric and protonic overpotentials, respectively. The ,-and 
,.(source terms) of the Eqs. 5 and 6 are the volumetric exchange current densities (Jc, 
Ja(H2) and Ja(CO)) calculated using the Butler-Volmer equation, summarized in Table 8.2 
(more detailed information can be found elsewhere [10, 41, 42]). The /*
011
and /+
011
are 
the effective electron and proton conductivities and are calculated by Bruggeman equa-
tion for porous medium: 
( )1.51.5 , 1eff effm m m s m sl lσ σ σ ε σ= = − −                    (8.7) 
where, σm is the electrolyte protonic conductivity and lm is the polymer electrolyte vol-
ume fraction in the CL. The effect of the relative humidity (RH), temperature and mem-
brane doping level (DL), on the electrolyte protonic conductivity (σm) was determined 
following the same approach reported in [10] 
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Table 8.2 Source terms of the governing equation (Eq. 8.1 – 8.6). 
 
The volumetric exchange current densities (Jc, Ja(H2) and Ja(CO)) calculated using the 
Butler-Volmer equation, considers the over-potentials in anode (ηa) and cathode (ηc), 
                             Source terms  
2 2( )
4 2
O c H O c
m c
M J M J
S CL
F F
= −  (8.8) 
2 2 2 2( ) ( ) ( )( )( )
2 2 2 2
H a H H O a co CO a coCO a co
m a
M J M J M JM J
S CL
F F F F
= − − − +  (8.9) 
2 ,( ) H perm cell im a
cell
j A M
S G DL
V
= +  (8.10) 
2 ,
, ( ) , ( )
( ) H perm cell im i i j i i j
i j products i j reagents cell
j A M
S ref v M r v M r
V
= − −   (8.11) 
u
e
S u
P
µ
= −

 (8.12) 
( ) i ci c
e
M JS CL
n F
= −  (8.13) 
2
2
,
,
( ) = − H CO
H CO
i a a
i a a
e
M J
S Cl
n F
 (8.14) 
,( ) i perm cell ii a
cell
j A M
S GDL
V
= +  (8.15) 
,
,
( ) i perm cell ii i i j j
j cell
j A M
S ref M v r
V
= −  (8.16) 
2( ) effT mem m mS PBI ϕ σ= ∇  (8.17) 
2( , ) effT s sS GDL BPP ϕ σ= ∇  (8.18) 
( ) 2 2( )
2
eff effcat
T c cat s s m m
jS CL T S j
F
∆ η ϕ σ ϕ σ= + + ∇ + ∇  (8.19) 
2 2( ) eff effT a ano s s m mS CL jη ϕ σ ϕ σ= + ∇ + ∇  (8.20) 
( )
,298
1 298
( )
TN
T k i i k
i i
S MSR H Cp dT rν
=
 
= ∆ + 
 
    (8.21) 
2 2, 0,
exp expa ca H a H a aJ ai F FRT RT
α αθ η η    = − −    
    
 (8.22) 
2
2
0, exp exp
O a c
c c c cref
O
C
J ai F F
RT RTC
α αη η
     
= − − −            
 (8.23) 
, 0, exp COa CO CO CO aJ ai FRT
αθ η =  
 
 (8.24) 
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the exchange current density of the anode (ai0,a) and cathode (ai0,c) and the charge trans-
fer coefficient of the anode (αa) and cathode (αc); the values of the parameters are sum-
marized in Table 8.4. The electro-oxidation of CO, despite the small effect in the overall 
current density, is also considered in the model (Eq. 8.24), thus,  αi0,CO and αCO are the 
exchange current density and charge transfer coefficient for CO, respectively. The But-
ler-Volmer equation for the anode (Eq. 8.22) was modified to consider the CO poisoning 
in the electrochemical reaction rate, therefore the hydrogen coverage (θΗ2 ) was in-
cluded in the equation. The θΗ2 depends on the adsorption, desorption and electrochem-
ical oxidation of the adsorbed species on the catalyst surface (more details about the CO 
poisoning model can be found elsewhere [10, 41, 42]). 
 
Table 8.3 Physical and transport properties [10, 41, 42] 
Property Value 
Diffusivity of gas the species,  
( m2·s-1) 
1.5 101325.0
333.15
T ref
i i
TD D
P
   
=    
   
                        (8.25) 
2
2
2
2
2
3
4
5
5
5
4
( , )
, 5
( )
5
1.055 10
2.652 10
3.2348 10
3.2348 10
1.055 10
2.982 10
3.2348 10
ref
H
ref
O
ref
CO
ref
CO
ref
H O anode MSR
ref
H O cathode
ref
CH OH
D
D
D
D
D
D
D
−
−
−
−
−
−
−
= ×
= ×
= ×
= ×
= ×
= ×
= ×
 
Viscosity of the gas species 
(kg·m-1·s-1) 
2
1.5
3 13.205 10
293.85 72
T
H
T
T
µ −    = ×    +   
                (8.26) 
2
1.5
3 17.512 10
291.15 120
T
H O
T
T
µ −    = ×    +   
              (8.27) 
2
1.5
3 18.46 10
292.85 127
T
O
T
T
µ −    = ×    +   
                     (8.28) 
1.5
3 18.46 10
292.85 127
T
Others
T
T
µ −    = ×    +   
              (8.29) 
Water saturation pressure, (bar) 
3 20.68737 732.39
263390 31919000
satp T T
T
= × − × +
+ × −
                                (8.30) 
Relative Humidity  
2
( ) ( )
(in  CL)
(in  m em brane)
2
H O
sat
CL ano CL cat
x p
pRH
Rh Rh



= 
+

               (8.31) 
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Specific heat capacities  
(J·kg-1·K-1) 
2 2 2
2 2
3
,
14283; 919.31; 2014
1042; 919.31 919.31
919.31
p H O H O
N CO CO
CH OH
Cp Cp Cp
Cp Cp Cp
Cp
= = =
= = =
=
 
Thermal conductivities  
(W·m-1·K-1) 2 2 2
0.1672; 0.0246; 0.0261H O H Oλ λ λ= = =  
Change in Entropy (J·mol-1·s-1) 4 4 .5 0 0S∆ = −  
 
Table 8.4 Electrochemical parameters 
Parameter Anode Cathode 
Over-potential, η (V) η ϕ ϕ= −s m            (8.32) η ϕ ϕ= −
s m
           (8.33) 
Equilibrium-poten-
tial, U0 (V) 
-4
0 1.1669-2.4x10 ( -373.15)U T=                               (8.34) 
Specified exchange 
current density,  
ai0 (A·m-3) 
0,
8
0,
1 1
exp 1400
353.15
1 10
ref
a
ref
a
ai
T
ai
  
− −  
  
= ×
                                               (8.35) 
0,
0,
1 1
exp 7900
353.15
70
ref
c
ref
c
ai
T
ai
  
− −  
  
=
                                               (8.36) 
Ref. concentrations, 
&
@01(mol·m-3) 
40.88 40.88 
Transfer coefficients, 
αΗ2 
1 0.97 
 
Boundary and Initial condition 
The boundary conditions considered for the PBMR-C/HT-PEMFC device are: 
- the mass fluxes at the cathode inlet were determined based on oxygen stoichi-
ometry for the defined current density; 
- the mass flux in the reformer was calculated based on the space-time-ratio 
(mcat/FMeOH);  
- the water/methanol mixture and cathode gas stream are fed in counter cur-
rent; 
- at the outlets, the pressure was considered to be constant and equal to a spec-
ified value; 
- at the walls the flow obeys to the no slip condition; 
- at the interfaces between bipolar plate, channels, GDL, CL, fuel cell membrane, 
Pd-Ag membrane the boundaries were coupled for the electronic potential and 
temperature; 
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- potentiostatic boundary conditions were imposed at the surfaces of the bipo-
lar plates (terminal surface). The electric potential of the cathode and anode 
was assumed ∅* = 0 and )* = 56 − 890::, respectively. 
 
8.3.3. Numerical Procedure 
 
The 3-dimensional model for the PBMR-C/HT-PEMFC was developed in commer-
cial software Fluent, a platform that uses the finite-volume method to solve the differ-
ential equations. The source terms, physical properties and boundary conditions were 
implemented by developing User Defined Functions (UDF) written in C++, compiled and 
loaded in FLUENT. The electric potential equations were implemented developing User 
Defined Scalars (UDS). The governing equations were discretized with a second-order 
spatial and temporal schemes. The under relaxation was also adjusted to handle the 
convergence problems. The simulations were carried step-wise to avoid divergence, first 
solving the reformer equations, then the permeation and finally the fuel cell related 
equation. In all simulations, strict convergence criteria with residuals of 10x10-7 were 
chosen for all variables. The computational grid used for modelling the 3D straight chan-
nel PBMR-C/HT-PEMFC has approximately 5x105 grid cells. 
 
8.4. Experimental 
 
Pd-Ag membrane preparation  
Pd-Ag membranes were deposited by magnetron sputtering (QPrep400 from 
Mantis Deposition®). The target was a 75/25 wt. % Pd/Ag disc with 100 mm diameter 
and a purity of 99.95 %. The depositions were carried out at 0.1 mbar of base pressure 
controlled by a throttle valve of 0.002 mbar and using an argon flow of 25 cm3·min-1. The 
sputtered films were deposited onto smooth, thermally oxidized 10.15 cm (diameter) 
silicon wafer (Microchemicals GmbH) at room temperature in a static deposition. The 
power applied during the deposition was 60 W with a voltage of 277 V and a current of 
0.22 A, generating a deposition rate of ca. 0.23 nm·s-1.  
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Assembly and characterization of the Pd-Ag membrane  
The coated wafers were manually peeled out of the silicon wafer as self-supported 
membranes. This step is a very delicate procedure that may generate pin holes in the 
film. After the peel out, the film was characterized by field emission scanning electron 
microscopy (SEM) to determine the thickness and to assess the membrane quality. The 
Pd-Ag membrane permeability was assessed using a microchannel device made of pol-
ished 316 stainless steel gold plated (Fig. 8.3).  
 
 
Fig. 8.3 Membrane testing cell; (a) feed microchannel plate, (b) perforated plate, (c) permeate 
microchannel plate. 
 
The Pd-Ag membrane was placed between the feed microchannel plate (Fig 8.3a) 
and the perforated plate ((Fig 8.3b). The feed microchannel plate (Fig 8.3a) consists on 
single serpentine channel with an inlet and outlet to feed and to collect the retentate 
gas, respectively. The perforated plate (Fig. 8.3b) was designed to provide mechanical 
support to the membrane and comprehends 156 holes of 1 mm in diameter with a total 
area of 1.43 cm2. The permeate microchannel plate (Fig. 8.3c) has a double serpentine 
channel geometry with two outlets to collect the permeate gas. The cell was tightened 
using 8 bolts with a torque of 3.5 N·m. No gasket was used for sealing. The microchannel 
testing device was then placed in an oven and heated to the target temperature in an 
inert atmosphere of N2, before H2 was introduced. The feed gas flow and pressure was 
controlled by pressure flow meter (HORIBA STEC UR-Z712M-B). The permeated hydro-
gen flow was determined using a high precision film flow meter (HORIBA STEC SF) with 
a two volumetric units of different ranges, 0.2 – 10 cm3∙min-1 (Film Flow Meter VP-1U) 
(a) (b) (c) 
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and 20 – 1000 cm3∙min-1 (Film Flow Meter VP -3U). During experiments with pure hydro-
gen no sweep gas was used, only pressure and temperature was varied. The testing con-
ditions applied are summarized in Table 8.5. 
The membrane selectivity towards hydrogen was determined considering a gas 
mixture fed to the retentate with volume fractions of 50 % of H2 and 50 % of N2 and a 
flow rate of 200 cm3∙min-1. The permeated composition was determined by GC (Dani GC 
1000 equipped with a thermal conductivity detector (TCD)).  
 
Table 8.5 Experimental conditions used in the permeation testes for two in-house produced 
membranes. 
Membrane 
Heat treatment 
(activation) 
Temperature 
 (K) 
Feed Pressure 
(bar) 
Pressure  
permeate (bar) 
M1 
673 K during 24h 
with hydrogen 
523; 573 1 – 4 1 
M2 – 473; 523 1 – 4 1 
 
8.5. Results and Discussion 
 
8.5.1. Pd-Ag membrane SEM analysis 
 
Before the permeation tests, the Pd-Ag membrane were analysed by SEM (Fig. 
8.4). A dense and pinhole-free surface can be observed in Fig. 8.4a and 8.4b, correspond-
ing respectively to the bottom and top views of the membrane; a dense pinhole-free 
surface is crucial for obtaining high permeation selectivity to hydrogen [44]. Fig. 8.4c 
shows the cross section of the Pd-Ag membrane evidencing a 4 µm average thickness. 
Fig. 8.4d highlights the conceptual microstructure of the sputtered palladium-silver 
membrane. The first layer is characterized by small metal grains corresponds to the nu-
cleation side, which morphology is difficulty to observe even at high magnifications (Fig. 
8.4a). The top view shows larger grains, also organized and defect-free (Fig. 8.4b). A 
smooth substrate and optimized deposition parameters are crucial to obtain of a dense 
and pinhole-free membrane, as described elsewhere [37, 38].  
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Fig. 8.4 SEM micrographs from Pd/Ag membrane deposited by magnetron sputtering onto sili-
con wafer; a) bottom view from membrane; b) top view from membrane; c) cross-section view 
of the membrane and d) conceptual microstructure of the membrane.    
 
8.5.2. Pd-Ag membrane permeability 
 
Pd-Ag membrane M1 was inserted in the microchannel device and left for 24 h at 
673 K with a hydrogen flow rate pf 30 cm3·min-1 – activation procedure. The membrane 
permeability was then obtained at temperatures between 523 K and 573 K. At constant 
temperature, the hydrogen permeation flux is given by: 
( )1 1, ,e n ni i ret i permPJ p pδ= −                             (37) 
where Ji is the molar flux of species i, ;0 is the membrane permeability, < is the 
membrane thickness and pi,ret and pi,perm are the partial pressure in the retentate and 
permeate sides, respectively. The n-value (Eq. 37) is an estimation the rate controlling 
steps. The hydrogen permeation through thick Pd and Pd-alloy membranes (>10 μm) is 
commonly assumed to be limited by the hydrogen diffusion through the bulk of the 
membrane [44]. In this case, the membrane permeation follows the Sieverts-Fick law, 
where the n-value is typically equal to two. Reducing the thickness makes the diffusion 
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transport through the membrane faster; the control step of the hydrogen permeation 
becomes then the hydrogen dissociation and recombination, at the membrane surfaces 
[45, 46]. In this case, an n < 2 is expected. For membrane M1 at 573 K nearly straight 
fitting lines are observed for all n-values ranging from 1 to 2, with the best fitting occur-
ing with n = 1.25 (Fig. 8.5). The membrane permeability was 4.9×10-6 mol·m·s-1·m-2·bar-0.8 
at 573 K considering n = 1.25.  
 
 
 
Fig. 8.5 Hydrogen flux and flow rate through the membrane M1 as a function of the difference 
of partial pressures between retentate and permeate sides with n= 1.25 (no sweep gas) at 573 K; 
activated during 24 h at 673 K under hydrogen atmosphere – activation procedure. 
 
The selectivity was determined considering pure nitrogen in the retentate side and 
measuring the permeated flow rate using a high precision film flow meter (range 0.2-10 
cm3·min-1). The H2/N2 selectivity was also evaluated considering a H2/N2 mixture in the 
retentate side, where the permeated stream composition was analysed by gas chroma-
tography. The first procedure does not provide a precise value, but it gives the magni-
tude of the H2/N2 selectivity. At 573 K and for a feed pressure of 4 bar, no permeated 
nitrogen was detected, resulting in H2/N2 selectivity > 2500. The GC measurements con-
firmed a H2/N2 selectivity of ca. 3800. 
Pd-Ag membrane M2 was inserted in the permeation cell and heated in an inert 
atmosphere of N2 till of 473 K and the membrane permeability to hydrogen was then 
obtained at 473 K and at 523 K. Fig. 8.6 shows the permeated hydrogen flux and flow 
rate through the membrane M2 as a function of the partial pressure difference with n 
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=1.25, at 473 K. The permeability at 473 K was 2.94×10-6 mol·m·s-1·m-2·bar-0.8 with a H2/N2 
selectivity of ca. 5800. Only a few studies report the permeability of Pd-alloy membranes 
at temperatures lower than 573 K. Nayebossadri et al. [47] obtained a permeability of 
3.2×10-6 mol·m·s-1·m-2·bar-0.5 for a Pd46.6Cu53.4 of 40 m at 473 K. Remarkably, these au-
thors report hydrogen permeation even at 373 K, with a permeability of ca. 
6.3×10-7 mol·m·s-1·m-2·bar-0.5. 
 
 
Fig. 8.6 Hydrogen flux and flow through the membrane M2 as a function of the partial pressure 
difference between retentate and permeate sides with n = 1.25 (no sweep gas) at 473 K. 
 
Fig. 8.7 compares the hydrogen flux as a function of the difference of partial pres-
sures with n=1.25, for membranes M1 and M2 at 523 K. Membrane M1 shows higher 
performance than M2, indicating that the activation treatment of M1 has a positive ef-
fect on the membrane permeability. The activation treatment has been reported to in-
crease the surface roughness, area and grain size [47]. The subject is not consensual in 
the literature, some authors claiming that the grain growth reduces the hydrogen flux 
through the membrane due to a reduction in the grain boundary volume fraction, which 
reduces the hydrogen diffusion along the grain boundaries [48,49] while other claim that 
the grain growth has neutral [50] or positive effect in the membrane permeability [51]. 
In this work, the heat treatment of M1 at 673 K indicates a positive effect on the perme-
ability especially at high pressure difference between permeate and retentate. 
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Fig. 8.7 Hydrogen flux and flow rate through M1 and M2 as a function of the difference of partial 
pressures between retentate and permeate sides with n= 1.25 (no sweep gas) at 523 K.  
 
8.5.3. Model validation  
 
The MSR and HT-PEMFC models were successfully implemented and validate by 
the authors in a previous work [10, 19]. The implementation of the permeation model 
was validated considering the experimental work reported by Mejdell et al. [52]. The 
authors measured the hydrogen permeation flow rate thought a 1.4 m thick Pd-Ag 
membrane with a permeance of 5.4 mol·s-1·m-2·bar-0.5 at 573 K with H2:N2 gas mixture 
(molar ratio of 1:1) in the feed side. Fig. 8.8 shows the experimental and simulated re-
sults for the hydrogen flow rate (permeate side) as a function of absolute feed pressure 
(retentate) of a 1:1 H2:N2 mixture, at different feed flow rates of retentate and without 
using sweep gas. The simulation results are in good agreement with the experimental 
data for the studied operating conditions. It is clear that increasing the feed pressure 
and feed flow rate the hydrogen permeation increases. For a hydrogen feed flow rate of 
200 cm3·min-1, hydrogen permeation flow rate stabilizes at ca. 80 cm3·min-1. Increasing 
the pressure above 6 bar has small effect on the permeation; this fact is attributed to 
the hydrogen transport being more rapidly through the membrane than through the po-
larization gas layer (concentration polarization), reducing the concentration gradient 
across the membrane and consequently the membrane permeation [53]. 
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Fig. 8.8 Experimental (full symbols, from [52]) and simulated results (dotted lines) of hydrogen 
flow rate at 573 K as a function of the total retentate pressure for a 1:1 H2:N2 molar feed mixture 
with different flow rates (200 and 300 cm3·min-1), with no sweep gas in the permeate side.  
 
8.5.4. Performance of the PBMR-C/HT-PEMFC 
 
Methanol conversion  
The Pd-Ag membrane permeability and selectivity towards hydrogen considered 
in the PBMR-C/HT-PEMFC model was 2.9×10-6 mol·m·s-1·m-2·bar-0.8 and 5800 at 473 K, 
respectively (data obtained for M2). It is well known that the methanol conversion is 
enhanced when hydrogen is selectively removed from the reaction bulk; this enhance-
ment is typically assigned to the partial suppression of the backward methanol steam 
reforming reaction and increase on the reactants residence time [28, 43]. Fig. 8.9 shows 
the methanol conversion as a function of the space-time ratio in a Pd-Ag membrane re-
actor for different permeate pressures; as limiting case, the membrane was considered 
impermeable. As expected, the enhancement in the methanol conversion increases as 
the permeate pressure decreases. In the PBMR-C/HT-PEMFC arrangement, the hydro-
gen consumed by the electrochemical reaction can reduce the permeate pressure below 
1 bar, forcing the hydrogen to permeate faster through the membrane. This effect can 
be described as electrochemical hydrogen pumping. Hydrogen partial pressures of ca. 
0.25 bar - 0.6 bar (typical hydrogen partial pressures present in reformate streams) do 
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not affect significantly the HT-PEMFC performance. The PBMR-C shows several ad-
vantages compared to a normal packed bed reactor, namely higher methanol conversion 
and production of a pure hydrogen stream even at low methanol conversions.  
 
 
Fig. 8.9 Simulated methanol conversion as a function of space-time for a Pd-Ag membrane reac-
tor, at 473 K, Pret = 3 bar, S/C = 1.5. 
 
I-V curves 
The water/methanol flow rate used in the PBMR-C/HT-PEMFC was adjusted con-
sidering full methanol conversion and hydrogen stoichiometry of 1.2. Fig. 8.10 shows the 
simulated polarization curves obtained with the HT-PEMFC fed with pure hydrogen and 
the HT-PEMFC coupled with the PBMR-C at 473 K. The results obtained with PBMR-C/HT-
PEMFC are similar to the ones obtained for HT-PEMFC fed with hydrogen (Fig. 8.10); 
indicating a high methanol conversion at the MSR and a very high hydrogen permeability 
of the Pd-Ag membrane matching the hydrogen consumption rate of the HT-PEMFC. It 
should be emphasised that only hydrogen permeates through the Pd-Ag membrane; un-
reacted methanol, CO2 or CO do not reach the fuel cell avoiding then anode electro-
catalyst poisoning or phosphoric acid leaching/evaporation/diffusion. The high electric 
conductivity of the Pd-Ag membrane improves the electric contact between the GDL and 
bipolar plate affecting positively the anode electrochemical reaction. Actually, for a typ-
ical FC, the electric contact between the GDL and the bipolar plate is carried through the 
ribs of the bipolar pate and high reaction rates are found in the vicinity between rib and 
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the channel, indicating the relevance of the GDL/bipolar plate electrical conductivity 
[54].  
 
 
Fig. 8.10 Simulated electric potential difference as function of the current density for the HT-
PEMFC fed with pure hydrogen at 473 K and PBMR-C/HT-PEMFC device (Pret = 3 bar), at 473 K. 
 
 
Hydrogen permeation  
Fig. 8.11a shows contours of the hydrogen mass fraction in the PBMR-C/HT-
PEMFC at 0.6 A·cm-2. Hydrogen is produced by the MSR reaction in the reformer, per-
meating through the Pd-Ag membrane towards the anode catalyst layer where it is con-
sumed. The highest hydrogen mass fraction is found at in the first third of the reformer 
length and not at the outlet, as typically is observed for PBR. The low hydrogen mass 
fraction at the reformer inlet and outlet affects severely the hydrogen permeation. Fig. 
8.11b shows the permeating flux along the channel length. At z = 0 m, the hydrogen 
partial pressure in the reformer is close to zero, therefore hydrogen permeates from the 
anode GDL/CL to the reformer. At z = 0.015 m the permeating flux inverts direction, 
reaching a maximum hydrogen permeation flux of ca. 0.11 mol·s-1·m-2 (at z = 0.05 m), 
reducing afterwards. As result, at the inlet region, the Pd-Ag membrane should be re-
placed by an impermeable and less expensive material.  
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Fig. 8.11 a) H2 permeation flux through the membrane as function of the z coordinate and b) 
Hydrogen mass fraction contours for PBMR-C/HT-PEMFC (channel length) at 0.6 A·cm-2 and 473 K, 
Pret = 3 bar and mcat/FMeOH = 600 kg·mol-1·s. 
 
Heat integration 
The advantages of the PBMR-C/HT-PEMFC are the heat integration, energy effi-
ciency and compactness. The heat generated by HT-PEMFC, due to the electrochemical 
reaction and Joule effect (ohmic losses at the electrolyte), is higher than the heat con-
sumed on the water/methanol mixture evaporation/heating and MSR reaction. Most of 
fuel cell applications require complex solutions such as heat exchangers and thermal 
fluids to transport the heat produced at the HT-PEMFC [8, 9]. Fig. 8.12 shows the tem-
perature distribution on the PBMR-C/HT-PEMFC at a current density of 0.6 A·cm-2. The 
PBMR-C/HT-PEMFC unit is thermally sustainable; at 0.6 A·cm-2, the unit releases ca. 
7.5 W of heat through the walls (for a 15 cm2 unit without considering the evapora-
tion/heating of reagents). The temperature profile along the reformer channel is mostly 
related to the MSR reaction, which is endothermic. A temperature drop is observed close 
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to the reformer channel inlet, caused by the high concentration of reagents that leads 
to a high MSR reaction rate. At the reformer, the temperature increases along the chan-
nel reaching a temperature of 474 K at the reformer outlet. In the cathode channel of 
the fuel cell the temperature also increases, reaching 474.5 K at the outlet. An efficient 
way to control the temperature of the PBMR-C/HT-PEMFC is controlling the flow rate of 
the inlet gases, specially the air at the cathode, as reported in literature [9, 10].  
 
 
Fig. 8.12 Temperature profiles of the PBMR-C/HT-PEMFC unit operating at 0.6 A·cm-2 and con-
sidering the end plates at 473 K. 
 
Size of the combined unit 
The results presented in Fig. 8.10 – 8.12 were obtained considering a reformer 
with a channel depth of 8 mm, making the combined unit considerably thick. The PBMR-
C/HT-PEMFC should provide a compact solution; therefore, the reformer channel depth 
was reduced. The unit was simulated considering a reformer with three different chan-
nel depths, 8 mm, 5 mm and 2.5 mm. Fig. 8.13 shows the fuel cell current density (at V 
= 0.58 V) and methanol conversion as a function of the reformer channel depth. The 
channel depth reduction has minor effect on the current density, despite the drop on 
the methanol conversion, as observed in Fig. 8.13. It should be noted that reducing the 
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depth of the reformer channel also reduces the reforming catalyst mass; changing the 
depth from 8 mm to 2.5 mm decreases the catalyst mass from 13 g to 4 g. The methanol 
conversion obtained with the reformer of 2.5 mm channel was ca. 89 %; while, the meth-
anol conversion for the same reformer at the same operating conditions (473 K and 
mcat/FMeOH = 187 kg·mol-1·s) without hydrogen permeation was ca. 75 % (Fig. 8.9).  
 
 
 
 
 
Fig. 8.13 Simulated the PBMR-C/HT-PEMFC unit current density and methanol conversion as a 
function of the reformer channel depth at 473 K and V= 0.58 V, Pret = 3 bar. 
 
Feasibility of the combined unit 
The simulated PBMR-C/HT-PEMFC unit showed very promising results, but some 
simplifications made in the model should be discussed. The presence of carbon monox-
ide, carbon dioxide and unreacted methanol in the reformer can decrease the Pd-Ag 
membrane permeation especially at temperatures lower than 498 K [55]. Carbon mon-
oxide can adsorb reversibly [56] on the membrane surface blocking the adjacent sites 
and increase the activation energy for hydrogen dissociation. The carbon monoxide con-
centration in the reformer at 473 K is ca. 0.3 %, therefore a slight drop in hydrogen per-
meation is expected [55,56]. At lower temperatures, such ca. 453 K, the carbon monox-
ide poisoning effect on the Pd-Ag membrane should be less noticeable since the re-
former produces less than 0.1 % of carbon monoxide. Methanol can also adsorb on the 
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Pd-Ag membrane surface affecting the hydrogen permeability [56]. Near to the inlet re-
gion of the reformer, low hydrogen permeation is expected, due to high methanol con-
centrations and low hydrogen availability. On the other hand, palladium nanoparticles 
can catalyse the methanol steam reforming reaction, methanol decomposition and wa-
ter-gas-shift [57]; in fact the methanol decomposition has already been reported over 
Pd-Ag membranes [55]. The effect of carbon dioxide and water on the Pd-Ag membrane 
permeability should be considered minor; some authors suggested that these species 
can adsorb on the membrane surface [55,58], while others have claimed the opposite 
[56, 59]. The accumulation of impurities in the anode side that may permeate through 
the Pd-Ag membrane or through the PBI membrane can result in the anode total pres-
sure build up. Actually, the hydrogen permeation is not affected by the presence of con-
taminantes since it is just proportional to the hydrogen partial pressure difference; on 
the other hand, the total pressure would increase, requiring a dynamic operation to re-
lief the pressure [60, 61]. 
The Pd-Ag membrane in the PBMR-C/HT-PEMFC configuration avoids the phos-
phoric acid leaching at the anode side during starts and stop cycles. Nevertheless, the 
membrane stability can be affected by the phosphoric acid presence. Pd films show high 
stability under corrosive environments such as phosphoric acid solutions [62], but to the 
best of the authors’ knowledge, a similar study for Pd-Ag films has never been reported. 
The palladium membrane can also promote the electro oxidation of hydrogen and 
methanol [63, 64]. To occur the electro-oxidation of hydrogen in the Pd-Ag membrane 
should contact directly with the CL (the GDL must be removed), to transport the formed 
protons at the Pd-Ag membrane surface. The high cost of the Pd-Ag membrane could be 
the major limitation for the PBMR-C/HT-PEMFC unit and a deeper analysis should be 
performed, balancing the strengths and weakness to understand the feasibility of this 
technology. The PBMR-C/HT-PEMFC prototype unit is being developed by the authors; 
this is an ambitious technological and fundamental research challenge requiring the 
combined development of tailored materials.  
 
8.6. Conclusions 
 
An integrated unit, comprising a Pd-Ag membrane reactor (PBMR-C) and a HT-
PEMFC, was studied by simulation. A 3-dimensional non-isothermal model for a PBMR-
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/HT-PEMFC combined unit was successfully developed and validated with experimental 
data. 4 m thick Pd-Ag membranes were prepared by magnetron sputtering and hydro-
gen permeability and selectivity were determined. The prepared membranes showed a 
H2/N2 molar selectivity of ca. 5800 and a permeability to hydrogen of 
2.94×10-6 mol·m·s-1·m-2·bar-0.8 at 473 K without activation treatment. The simulated 
PBMR-C/HT-PEMFC unit showed very high performance, similar to the one obtained 
with a HT-PEMFC fed with pure hydrogen at the anode side. The device allowed efficient 
heat integration, where the heat produced in the electrochemical process was used to 
perform the MSR reaction. The fuel cell efficiency was not affected when thin cellular 
reformers were considered. Several concerns were raised about Pd-Ag membrane sta-
bility and costs; however, the PBMR-C/HT-PEMFC showed very promising results that 
should prompt further investigation.  
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To achieve the thermal integration of a methanol steam reformer with a HT-
PEMFC, these devices should operate at the same temperature. However, currently the 
methanol steam reforming is performed at 513 – 533 K, while HT-PEMFCs operate at 
433 K and should not exceed 453 K. To perform the methanol steam reforming at lower 
temperature, a novel and highly active CuO/ZnO/Ga2O3 catalyst was synthesized by the 
research team and fully characterized within this thesis (Chapter 2). The physicochemical 
study conducted over the CuO/ZnO/Ga2O3 catalyst indicated very small and highly dis-
persed copper particles. The synthesized catalyst showed a methanol conversion of ca. 
2.2 times higher than two commercial CuO/ZnO/Al2O3 catalysts, levelling out to ca. 1.7 
times after 80 h of time-on-stream. The two kinetic models, power-law and mechanistic, 
used to describe the MSR reaction over a novel catalyst, presented a good agreement 
with the experimental values. The following studies were conducted using commercial 
CuO/ZnO/Al2O3 catalysts, since the laboratory has no capacity to produce large amonts 
of CuO/ZnO/Ga2O3 catalyst.  
The reformer design affects the methanol conversion; therefore, three different 
methanol reformer designs (multi-channel, radial and tubular) were thoroughly studied 
experimentally and by CFD simulation (Chapter 3). The multi-channel design showed 
high methanol conversion and low-pressure drop; the narrow channels and the high me-
tallic surface area in the multi-channel provided an efficient heat transfer from the wall 
to the bulk. Moreover, the multi-channel showed a good flow distribution with a small 
coefficient of variation in flow velocity between channels. Among the studied designs, 
the multi-channel demonstrated to be the best approach for thermal integration with a 
HT-PEMFC; however, other solutions that reduce the pressure drop, maximize the heat 
transfer and show even flow distribution could also be considered. 
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An integrated unit, combining a MSR-C and HT-PEMFC, was developed and oper-
ated at 453 K and 463 K using MEAs from Advent TPS (Chapter 4). The combined unit 
showed at 453 K a current density of 0.5 A·cm-2, with a slightly drop of potential (30 mV) 
when compared to the HT-PEMFC fed directly with hydrogen. After several hours of op-
eration, the degradation of the MEA was noticeable, both at 453 K than at 463 K, be-
cause of the low methanol conversion (<90 %). The electrochemical impedance spec-
troscopy analysis showed an increase in the anode resistance when fed with reformate, 
due to the catalyst activity loss and lower hydrogen partial pressure; the cathode re-
sistance also increased when fed with reformate, due to methanol crossover from the 
anode to the cathode. The self-thermal sustainability of the combined device was not 
reached due to the poor thermal insulation of the combined reactor. The MEAs from 
Advent TPS compared to PBI-doped ones showed lower power density and stability.     
In the second attempt for combining a MSR-C with HT-PEMFC (Chapter 5), a new 
bipolar plate made of gold plated aluminium was developed and the unit was operated 
between 453 K and 473 K using a PBI-doped MEA (Celtec P2200N) from BASF. The re-
former showed a performance similar to a differential reactor loaded with the commer-
cial catalyst; moreover, the water/methanol vaporisation process was optimized allow-
ing an increasing of the methanol conversion from 93 % to 96 %. The combined MSR-
C/HT-PEMFC system displayed a remarkable performance at 453 K with a power output 
close to the HT-PEMFC fed directly with hydrogen. A stability test of the combined unit 
(ca. 700 h at 0.2 A·cm-2 and temperatures of 453 and 463 K), revealed that using refor-
mate as fuel had no significant influence on the MEA degradation compared to hydro-
gen.  
The operation of the combined unit was studied by simulation; therefore, a 3-di-
mensional non-isothermal model and simulator were developed. The model considers 
the most significant chemical/physical processes that occur at the HT-PEMFC, including 
CO poisoning. The simulator indicated that the combined unit to achieved thermal equi-
librium at low current densities (0.1 A·cm-2) would require a thermal insulation with a 
minimum of 3 cm thick glass wool. Additionally, it showed that the device temperature 
control could be managed by feeding air to the cathode at the room temperature and 
adjusting the airflow rate. The proposed integrated MSR/HT-PEM stack could operate 
without any external heat source for currents between 4.5 A (0.1 A·cm-2) and 54 A 
(1.2 A·cm-2).  
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The hydrogen production and purification using packed bed membrane reactors 
for HT-PMFCs applications was assessed by simulation. A 3-dimensional isothermal 
PBMR model was developed considering a Pd-Ag membrane selective to hydrogen, an 
ILs membrane selective to carbon dioxide, and a conventional packed bed reactor (PBR), 
this last as reference. The selective hydrogen removal from the reaction bulk results in 
a methanol conversion enhancement assigned to the partial suppression of the back-
ward methanol steam reforming reaction and an increase on the residence time. The 
selective carbon dioxide removal originates a smaller methanol conversion enhance-
ment than when using a hydrogen selective membrane. The results indicated that only 
very selective and fast membranes, > 1 x 10-1 mol·s 1·m-2·bar-1 at 473 K with ideal selec-
tivity >200, can effectively be used in a PBMR for hydrogen purification. The CO2-PBMR 
showed to be more energy efficient than H2-PBMR especially for high hydrogen recov-
eries. Despite the great efforts of the scientific community in developing selective car-
bon dioxide membranes, they do not have yet the characteristics required for hydrogen 
purification in PBMRs. 
An integrated unit, combining a Pd-Ag membrane reactor (PBMR-C) and a HT-
PEMFC, was studied by simulation. To obtain a valid permeation model, two Pd-Ag mem-
branes with 4 µm thick and defect-free, were prepared by magnetron sputtering. The 
prepared membranes showed a H2/N2 molar selectivity above 1500 and a permeability 
to hydrogen at 473 K of 2.94×10-6 mol·m·s-1·m-2·bar-0.5 without activation treatment. The 
simulation results showed that the PBMR-C/HT-PEMFC unit has similar performance to 
the one obtained with a HT-PEMFC fed with pure hydrogen, the device allowed an effi-
cient heat integration and very thin cellular reformers. The stability and costs of Pd-Ag 
membranes standout as the main limitation of this technology.   
As a future work, it would be important to test experimentally and prove the con-
cept of the combined PBMR-C/HT-PEMFC unit. This task is being carried out in the host 
laboratory. In a different configuration of the combined unit, the palladium-alloy mem-
brane should be placed in direct contact with platinum particles of the electro-catalyst 
layer; this way the hydrogen atoms that diffuse through the palladium membrane could 
oxidize to form the protons jumping the hydrogen association step. This facilitated 
transport/reaction was never described in the literature, but it should affect both per-
meation and electro-catalytic reaction. 
CHAPTER 9 
 
The prepared CuO/ZnO/Ga2O3 catalyst was not yet tested in the combined unit; 
however, a company using this catalyst recipe is currently upscaling its production. 
When commercially available, this catalyst should be tested in both configurations of the 
combined unit (MSR-C/HT-PEMFC and PBMR-C/HT-PEMFC) 
Solid acids are a type of proton conducting electrolytes studied for fuel cell appli-
cations that operate at temperature between 473 and 573 K. Operating the integrated 
unit at high temperature would have several advantages: higher methanol conversions 
and thinner reformers, higher tolerance of the electro-catalytic system to contaminants 
(CO, methanol), lower activation over-potentials, use of non-precious metal catalyst and 
cogeneration. A combined unit equipped with solid acid membrane should be studied.  
Finally, the model developed for the MSR-C/HT-PEMFC and PBMR-C/HT-PEMFC 
should be improved, incorporating the effect of contaminants (CO, methanol, water) on 
the palladium membranes as on the fuel cell electro catalytic system. Additionally, an 
extended experimental study is required, since limited data is available in literature con-
sidering the effect of contaminants on palladium membranes and fuel cell electro-cata-
lytic system in the temperature range of 453 – 473 K. 
 
 
